-

AD-R163 598 THE SCIENCE OF AND ADYANCED TECHNOLOGV FOR 174
C ST-EFFECTIVE HRNUFRCT RE OF. . (U DUE muv )
L OF INDUSTRIRL ENGINE
UNCLASSIFIED R VENUGOPRL ET RL OCT 85 NO@914-83- K-.SBS F/B 1379

‘ —




el R R R R R R N T LI

i
|0 L i

IS g

. 0 g ==
N ¥ 20 '

-
———
—
———
—

Il
=

125 flis pue

R 2. O

——ar

f
1
.
i
MICROCOPY RESOLUTION TEST CHART ‘:
NATIONAL BURTAIY N CTANDARDS - 1963-A :.
o
. %
wt
-
.
"‘-
.
_J
<
t."
9
7
»::
LJ'
SR PRI S L RS SRS, BN




T_-v,—v‘ﬁ Ty Tr—— PPy

®
t.

[ N
/.‘ - [ ) {

THE SCIENCE OF AND ADVANCED TECHNOLOGY FOR

N . . l
COST—EFFECTIVE MANUFACTURE . )
OF HIGH PRECISION ENGINEERING PRODUCTS 7-»;_ el
DTIC_ .
[ —LECTE "
| FEB 05 1986 ONR Contract No 83K0385
K FINAL REPORT e
D N Vol. 4
)
B °
%% THERMAL EFFECTS ON THE ACCURACY OF
g Y NUME"ICALLY CONTROLLED
_ MACHINE TOOLS
S .
- g
< PREPARED BY .
| Raghunath Venugopal and M. M. Barash Y
)] o
g
OCTOBER 1985
> ®
L
= .
Lo~ Schools of
o2

Industrial, Electrical and Mechanical Engineering
Purdue University
West Lafayette, Indiana 47907

‘ *
DISTRIPUTION STATEMEC- i
""-—,-;:d iny public releasel '3 .
Apylx')‘-‘nl;‘n-"\ia-r. Uul’mﬁ"d
s N ———

L 8 6 1 22 114

PO TN T P TG TR P



LA ULA BN T p e S RN 5 45 S8

¥ "J’c;l‘:.'f‘:.l_’v)\._l".' A58 w S48 i, 870 Wl 6.0 mos 090

DISCLAIMER NOTICE EZ:SE?:EE

THIS DOCUMENT IS BEST QUALITY
PRACTICABLE. THE COPY FURNISHED
TO DTIC CONTAINED A SIGNIFICANT e
NUMBER OF PAGES WHICH DO NOT S
REPRODUCE LEGIBLY. Y




URITY CLA r;‘lo'ng ION HIS PA /AJ l,) '—Ajj‘g g/(i g

REPORT DOCUMENTATION PAGE

18 REPORT SECURITY CLASSIFICATION 1b RESTRICTIVE MARKINGS
None None
22 s:;\:)g;gv CLASSIFICATION AUTHORITY 3. DISTRIBUTION/AVAILABILITY OF REPORT
2b DECLASSIFICATION / DOWNGRADING SCHEDILE
None
& PERFORMING ORGANIZATION REPORT NUMBER(S) S MONITORING ORGANIZATION REPORT NUMBER(S)

Final Report Vol. 4

68 NAME OF PERFORMING ORGANIZATION 6b OFFICE SYMBOL 7a NAME Of MONITORING ORGANIZATION

PURDUE UNIVERSITY (if applicable) Department of Defense
Office of Naval Research

6c ADDRESS (City. State, and ZIP Code) 7b  ADDRESS (City, State, and ZIP Code)
‘ School of Industrial Engineering ‘
; West Lafayette, Indiana 47907 Arlington, VA 22217-5000
| 8a NAME OF FUNDING  SPONSORING 8b OFFICE SYMBOL 9 PROCUREMENT INSTRUMENT iDENTIFICATION NUMBER
ORGANiIZAT.ON (if applicable)
614A NO0014-83-K-0385/12/12
Bc ADORESS (City State. and 2/P Code) 10 SOURCE OF FUND'NG NUMBERS
PROGRAM PROJECT TASK WORK UNIT
ELEMENT NO | NO NO ACCESSION NO
ONR: 433 SRO-153

11 TITLE (include Security Classification)
THERMAL UFFECTS ON THE ACCURACY OF NUMERICALLY CONTROLLED MACHINE TOOLS

12 PERSONAL AUTHOR(S)

Venuaonal, Raghunath and M. M. Barash .

13a YYF:‘E OF REPORT 13b TIME COVERED 14 DATE OF REPOrT %Year, Month, Day) NS PAGE COUNT
Final fROM 1-1-83 108-15-85 October 198 365

16 SUPPLEMENTARY NOTATION

17 e COSATI CODES X 1‘8‘- SUBJE?T TERMS {Continue on reverse if necessary and :dennf{ by block number)
FED_ | GROUP SUB GROUP - "Machine tool design; M/T accuracy; Computer modeling
13 ] of machine tools; M/T thermal errors; Error models and

prediction; Metrology; Automation. i

L £19 ABSTRACT (Continue on reverse if necessary and identify by block number) . .
Thermal effects on the accuracy of numerically controlled machine tools are specially

important in the context of unmanned manufacture or under conditions of precision metal cut-
ting. Removel of the operator from the direct control of the metal cutting process has created
problems in terms of maintaining accuracy. The objective of this research is to study thermal

leffects on the accuracy of numerically controlled machine tools.
The initial part of the research report is concerned with the analysis of a hypothetical

machine. The thermal characteristics of this machine are studied. Numerical methods for eval-
uating the errors exhibited by the slides of the machine are proposed and the possibility of
predicting thermally induced errors by the use of regression equations is investigated. A
method for corputing the workspace error is also presented.

Ma. hine tgols are generally made of box type structures. Based on analysis of box type

Steactures. theoretical evidence for the prediction of machine tool errors is presented. The
problem ot heat flow in a box made of thin plates is studied and analytic solutions are

derjved, (over)
, ] 20 DISTRIBUTION AVAILABILITY OF ABSTRA(T 21 ABSTRACT SECURITY CLASSIFICATION
Ounceassrrounumed [ same as ReT O ovic USERS None
22a NAME OF RESPONSIBLE INDIVIDUAL ) 22b TELFPHONE (Inclsde Area Code) | 22¢ OFFICE SYMBOL
Dr. Davit Mirell, Scientific Officer 818-795-5971 x 56 433
DD FORM 1473, 82 mar 83 APR ed:tion may be used unti! exhausted

SECURITY CLASSIFICATION OF THIS PAGE
None

All other editions are obsolete

R A O P R
R W SOy - . e




19. (continued)

The final part is concerned with the actual measurement of errors on a modern CNC
machining center. Thermal influences on the errors is the main objective of the exper-
mental work. Based on experimental evidence, it is shown that thermal effects on the
accuracy of machine tools can be predicted by the use of simple regression equations.
Finally, numerical methods are used to predict thermal influences on the errors of
machine tools. These methods make use of measured values of temperatures for pre-
diction of errors. o L

Based on the evidence presented in this report it is shown conclusively that7{hermal
influences on the errors of machine tools are predictable. Techniques for determining
thermal effects on machine tools at a design stage are also presented.

A r ML A
/ p .’L-'
LN N
» % % 5
¢
RIRAREE




THE SCIENCE OF AND ADVANCED TECHNOLOGY
FOR COST-EFFECTIVE MANUFACTURE
OF HIGH PRECISION ENGINEERING PRODUCTS

ONR Contract No. 83K0385
Final Report
Vol. 4

THERMAL EFFECTS OF THE ACCURACY OF
NUMERICALLY CONTROLLED
MACHINE TOOLS

Prepared by
Raghunath Venugopal and M. M. Barash Accesion For

NTIS  CrA&I
DTIC TAB
Unannounced
Justification

.....................

October 1985 By sz.o«

Availability Codes

Avail and|or
Special

Schools of
Industrial, Electrical and Mechanlcal Englneering
Purdue Unlversity
West Lafayette, Indlana 47907




NSRRI L RFIARE Vahach A L R B R B Bt Rat Db I

27T

»

ii

This report represents, with minor changes, the thesis submitted by
Mr. Raghunath Venugopal to the Faculty of Purdue Unlversity for the
award of the Degree of Doctor of Phllosophy.

22N AR r s 4

-
LN Dy

Research described In this report has been supported by the Office of
Naval Research through Contract No. N83KO0385 in the framework of the

%

_: ONR Preclslon Englneering projects. ;

ﬁ:j M. M. Barash served as Major Professor for the thesls; he Is a N

- member of the faculty of the School of Industrial Englineering at Purdue e

l Unlversity. -
C'.’.‘_v,-.

s
Ca)

Work on the Preclslon Englneerlng proJect at Purdue University

:
l‘l

XX,
.

- greatly benefited from the use of the technlcal facilities of the Purdue Z:-:fj-%._:::::::
- Computer Integrated Design, Manufacturing and Automatlon Center :‘_{.}:lj-:}‘:j
NS (CIDMAC) and the advice of the CIDMAC member companles®, which 1s RN

gratefully acknowledged.

A

»

‘'
.‘) "n ": e

’

I' Moshe M. Barash
Principal Investigator

C. Richard Llu
- Principal Investigator

>

',

-

-

L —

ﬁ *Member companies of CIDMAC are:

- Cincinnati Milacron; TRW; Ransburg Corporation; Cummins Engine Co.; Control
o Data Corporation; ALCOA.

Jo

v
R
‘l ‘.
X

N
A
.
f

DN
Il

AAAXA
PR e
.’-.,.'I-"’v_ .

4
.
L

R - - . ) . R B [

. e e e “ oo . et et WSt R R S

IO et e e et e et e e T, - T T e e S -
R RSP S P A S e . - - . LI BRI .=

P TS I S -
. . N S APPSR S S S S T AN e ST AL S A T B P RS : A
. . o . B . TR R RS
PURPY " ORI PP WAL U W G AP B P W UT D, W Y PP WA VA U VRSP UR R A L L POR UL AL SRS Sl WIS RN T




.. e T T P Ay

TaTs s L L,

"W r v
o AR )

« e
P B PR Y

\.-
‘:_
>
D
"
s

~ e

I T

iii

TABLE OF CONTENTS

LIST OF TABLES......I.I.l..........l.....l

LIST OF FIGURES......'...l.............l..

NOTATION ecc e v ccccsccccccsncssccscscscsscscsoncscocssoscs

ABSTRACT ¢ cvevcvevssvssrvsosctsscccsssvscscesscse

CHAPTER 1.

l.l
1.2
1.3

INTRODUCTIONQ..I......‘...‘I..

General.icescccscrsccccsosancssocccanaoe
Problem Statement and Objectives...
Literature ReviewWseseoosaooccsoosse
Quasistatic Errors of a

Machine ToOleeeceecoooososcscosns
1.3.2 Thermal EffectS8ecscccccscssccces

1.3.1

CHAPTER 2.

2.5
2.6

TEMPERATURE AND ELASTIC
DEFORMATION CALCULATIONS..e..

Gener8liseccccsccsccecsscsccscsscsanscnscse
Heat Transfer Problemscsccocccccocen
Boundary COndithns....0...0.-....0
Evaluation of Heat Transfer

Coefficlenteeecosesoeoscsssesnsssscsscsce
Some Numerical ResultBesssesoscccsce
The Elastic Problemec.cscessssccsss

CHAPTER 3.

wwWw

w N =

COMPUTATION OF MACHINE
ERRORS...................Q.

General..oa.cooo.ooo...o..oolo-ooto

Evaluation of Structural Errors....
Assessment of Volumetric Errorsecee.

3.3.1

Model

l'.......l........l....

3.3.2 Model 2.-'......-....'0..0.-.
3.3.3 Model 3..0.......-...0..-0000

Page

vii
xi

xiii

(9%

10
19
32
32
37
38
40
40
49
49
51
54
58

62

. -
SERs
A
"'Ql
ot T u
[ T
e
AR
y P g

LA
L3

l"-.“-.g .

ade
X

A

'*'
.% '
LR
EA A Ve

'. - -
Ny
SRS
A,

o,

% % %%

2 ‘n",‘v
.

,....
"y Ay ay -8y
. ©r
o

v vy
LA




ARSI SE AR ENASENNGEG S At e PO SA I G ol 4 L goh s S S 0 o SV e £ g gl By pic S e st 0 ok ik s ik QA SRS Sl o/e g (e i x

N iV
N 3.4 Regression Model and Prediction
: Results.l....l..............‘..‘.‘. 65
y
l CHAPTER 4. ANALYTIC SOLUTIONSceccoccsses 73
: 4.] Generaleceecssecacscccssccssnnscssssss 73
: 4.2 A Problem of 3 D Thermoelasticity.. 74
. 4,3 Heat Conduction in a8 Cubeececscecns 91
. 4.4 Solution of Displacewment in a
I Cub@ecsccoscccsosccccssscsoncescscscsscnns 106
CHAPTER 5. EXPERIMENTAL WORKseooooseoes 108
5.1 General...........---o-............ 108
5.2 Equipment Used for Measurement of
I Machine Tool Errorsececcesccccccssss 109
5.3 Experimental ConditionB.secsccecesne 116
5.3.1 Additional Sources of
Experimental Errorececscececes 123
5.4 Experimental ResultSecssececsscccse 124
5.4.]1 Discussion on Positioning
. Errors....................... 129
. 5.4.2 Other Error8eeccscscecsscssscsces 137
. 5.5 Prediction by Numerical Methodse.es. 142
. 5.6 Conclusions A EEE R E T N N NI A I W 160
. S.7 Recommendations for Further
Researchecesccccssscscsscsosescsosssccs 168

LIST OF REFERENCES......ooo...o.....oo..o. 171

, APPENDICES

: Appendix leoeesecccceccecssncsconsoscscesces 177
I Appendix 2ecoesesscsssccsssenansosssessas 195
Appendix 3etetecscececccsonsssscsscssccnsen 201}
Appendix f4eccesccsssccssctscncsvccesscse 316

Appendix 5..... Ceeseeessesseesecstatsenanesatas 347

I e e e i S . e e e e e e e e .
SO NN '-'\3*'".' A ST S S e T s T e e e e e e T T e e e e e T e
WAL TR PR TP DRI I, S S R N PRSP R RS SA AR REISIT I A" N AP ALRE R P TS OPEL T AL




PRI A NG A RN i 1€ 50 O Rttt s AR A N A S R T N SR I e o0 S NG G i\ S Nt B~ -t e 20

LIST OF TABLES

Table Page
2.1 Comparison of Number of NodeS.eeoeo 41
2.2 Comparison of Time StepPececsccscocse 41

3.1 Error of Outer Most Point of
Work Space of Machine Tool,
Numetical work....'..........'..... 64

5.1 Expansion of Lead Screw (microns).. 136

LR A N

5.2 Error of Work Space, Experimental
’ Work, No Lead Screw Errorscesceccee 144

PR |

LA
|
L

5.3 Error of Work Space, Computed,
by Regression Equations No Lead
Screw ErrorSecececsccesccsssscsccses 145

5.4 Error of Work Space, Experimental
Work, Lead Screw Error is
Consideredecceccecccecscvscoscsosccscscscocnnse 146

5.5 Error of Work Space, Computed,
by Regression Equations, Lead Screw
Error is Considered.cessccescscoccce 147

5.6 Error Components Used to Determine
Work Space Errorsecececccccecsccccss 148

Appendix
Table

Al.l Conditions for which Solutions
Have been Obtained - 2 axiBecseoosos 177

Al.2 Conditions for which Solutions
Have been Obtained - x y axXiSscccoa 178

. . ~‘- - . - . '.- \'- . .. .‘ . e
e T g N e e N e
P I DT A T T, B S L e A O R I




.. TR TR T amawam o
P

L
PO R

o Bl o d

vi

Al.3 Prediction Capabilities of
Regression Equations (t>60 wmins)... 194
Al.4 Prediction Capabilities of
Regression Equations (0<t<60 mins). 194
A2,1 Location of Thermocouples
On the x axis........I...........‘ 195
A2.2 Location of Thermocouples
On the y axis....0.....'..'..'.... 196
A2.3 Location of Thermocouples
on the Z axis...-............-.... 197
Lk e e "3;:::;_!.'.'.';"4' . e JRRSAA LN llx a

.
[}

3
..

M Ao

H




St N SR S R i S R S A M A S S A A MDA e N A e I g A S W N T TR gt N T R e Y™y TN

vii

MM M i T AR A

’

LIST OF FIGURES

R LA

Figure Page
i 1.1 Achfevable Machining Accuracy [42].. 2
1.2 Machine Structure.-....-........--.. 8
1.3 The Six Degrees of Freedom [52).e¢.. | B
- l.4 Definition of Squareness [4]1).cccens 13

1.5 A Typical Machine and its Vector
Diagram [33].ccooooooo.oo-oooooa-oo- 15

1.6 Diagram of Thermal Effects in
Manufacturing and Metrology [41].... 20

2.1 Grid Point Cluster and
And Notation [2‘]..'........'......' 36

2.2 A Typical Eight Node Solid

l Brick Elementeccecccsescsscscocescoe 44
; 2.3 A Typical Plate Elementececsessecsas 44
:E 2.4 Deformation of x axis, T = 180 mins. 45
i- 2.5 Deformation of y axis, T = 180 mins. 46
7 2.6 Deformation of z axis, T = 180 mins. 47

3.1 The Six Degrees of Freedom [52])..... 50
‘ 3.2 Calculation of ROlleceecceccscoccsacs 53
{ 3.3 Calculation of Pitchecsoccesscccososns 53
E 3.6 Errors, X 8XI6ececescceccssescscoscssssse 55
E: 3.5 Errors, ¥y 8XiSec.ecceccnscssccccccsos 56
: 3,6 Errors, 2z 8XiBeesocecsosvscncssssccsses 57




BN e Pt B Y M 2 S A N A S i i N A L A AR AL A M O A A A A A DA A EAS ASAIC A A O el s i e Wl ek And Aad A
. NS

viii
3.7 Ertor of Non-Orthogonality...--...'.. 6’
3-8 Error Of Drift.....‘................ 61
3.9 Volumetric ACCUL8CYesoesssccccnsanss 63

3.10 Methodology for Calculation of
Thermal Error Regression
FU“CtiOns..-ooooc-o..nooooo..cc.oooo 67

3.11 Check of Regression Equations,

xaxis.ol..-'.0000000'000-.0o.o.‘o.l 68

3.12 Check of Regression Equations,
yaxis, CcaSe lecesoescecosscscscscccocosan 69

3.13 Check of Regression Equations,
yaxis, case 2----..-0..-.0.-....-.. 70

3.14 Check of Regression Equations,

Z AX16cceecocsncsscsscssssncccssssccncs 71
4,1 Body of Thin PlateSeceescosvooccoscos 82
4.2 Boundary ConditioNSeecceccsncconsseccos 82
4.3 Conventions on Cubecececscoscacsscnce 93
5.1 Experimental SetupPicescccsccsscsccnscs 111

5.2 Calibration Of Machine Tool [45]ec.e 120
Se3 Problem Of Drifteceececsccccccccsnsnscs 125
S.4 Hysteresis in Machine Tool Errors... 125
. 5.5 Standard Deviation of Position
: Erro!’, X aXiSeeesecevocesnccscnccssscs 127
5.6 Standard Deviation of Yaw Error,
xaxis.....-.-...........-......... 128
5.7 Prediction of Position Error,
T Xaxis.--..-.'l-o-.o..cooooo.o-ooooo 133
@ 5.8 Prediction of Position Error,
) yaxis.................-...-......-. 13‘0
5.9 Prediction of Position Error,
_ z axis.......-...................... 135
" 5.10 Prediction of Other Errors,
xaxis....................... 138 Fﬁ?v‘——-‘



Tuuruw;h:vJmmnmuaumﬂmwmamuun&vuunmu\muuruHﬂumvlmmlumimn-nu-mu'nqnmvn

ix

5.11 Prediction of Other Errors,

y Itis.cooo---co.cooooooooooooooooo- 139

5.12 Prediction of Other Err rs,

Z 8X1Becooeovccrcscrccsstcncascnonscae 140

5.13 Volumetric Error, Actual vs
Conputed.o......-..-................ 143

5.14 Prediction by Numerical MethodSeseecs 150

5.15 Measurement of Vertical
Straightness, Z 8X18cccscccccccnccce 155

5.16 Vertical Straightness from
Experinent, Z 8X1B8.ccececoesccsccnnse 156

5.17 Vertical Straightness from
Calculations, Z 8X18esccsectccossccnss 157

5.18 Calculation vs Experiment for
Vertical Straightness, z axis,
Test 1 used to get built in error.... 158

5.19 Calculation vs Experiment for
Pitch, z axis
(drift correction).....o............ 161

5.20 Calculation vs Experiment for
Vertical Straightness, x axis
(drift corrected)..-..........-..... 162

5.2]1 Calculation vs Experiment for
Pitch, x axis (drift corrected)ececse 163

5.22 Calculation vs Experiment for

Yaw, x axis (drift corrected)ecesscces 164
5.23 Effect of Nonsymmetric Heat Sources. 166
Appendix
Figure
Al.]l Structure, X axXiS.:ssseccsescccscecnse 179
Al,2 Structure, Yy axXiBeeescseccscsncscsasces 180
Al.3 Structure, z a8XiBeesecceoacsccncsasncsce 181
Al.4 Location of Heat SourceS.esecsccecoa 182




Al.35 Location of Temperature Points,

x axis (Numerical)...............-.- ls3

Al.6 Location of Temperature Points,
y axis (Numerical)oooc.ooooooooooooo 184

Al.7 Location of Temperature Points,
z axis (Nunerical)................o- 185

A2.1 Location of Temperature Points,
x axis (Experimental)..............- 198

A2.2 Location of Temperature Points,
y axis (Experimental)-..-........... 199

A2.3 Location of Temperature Points,
z axis (Experimental)............... 200

OO

Tt N < .‘-'.' WL T
A Y TG N S e
W MENGENIW HENNENASE A

PO T S R e e N
e aacas

- DL IR AL B
RIS I S I N N
Acedbs s B Bes et 20l als Sadlalat oo




LA andh
’
LA N

AR 2yOron

NOTATION

Surface area
Heat capacity

Delta function

Rotational error in direction
i for motion in direction }

Modulus of Elasticity

Acceleration due to gravity
Heat convection coefficient
Nusselt number

Thermal conductivity

Length

Prandtl number

Perimeter

Heat loss by radiation

Heat loss by convection

Heat generation rate
Rayleigh number
Temperatdre

Temperature at boundary

Temperature of fluid

Coefficient of thermal expansion

T
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&

- ] = Coefficient of volume expansion

t = Time

o e ] )

9 v ax dy 9z

{ Ax = Control volume in x direction

) Ay = Control volume in y direction
b Az = Control volume in z direction
Y

x AL1(3) = Position error in direction
o i for motion in directfon j
2 € = Stefan Boltzmann“s constant

f od = Stress in the 1 “th direction
. v = Poisson”s ratio
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ABSTRACT

Thermal effects on the accuracy of numerically controlled machine
tools are speclally Important In the context of unmanned manufacture or
under condltions of precislon metal cutting. Removal of the operator
from the direct control of the metal cutting process has created problems
In terms of malntalning accuracy. The objective of this research is to
study thermal eflects on the accuracy of numerlcally controlled machine

tools.

The Initlal part of the research report Is concerned with the analysls
of a hypothetlcal machlne. The thermal characteristics of this machine
are studled. Numerlcal methods for evaluating the errors exhlbited by
the slides of the machine are proposed and the possibility of predicting
thermally Induced errors by the use of regression equations s Investigated.

A method for computing the workspace error Is also presented.

Machine tools are generally made of box type structures. Based on
analysls of box type structures, theoretical evidence for the prediction of
machine tool errors Is presented. The problem of heat flow In a box made

of thin plates Is studled and analytlc solutlons are derived.

The final part 1s concerned with the actual measurement of errors on
a modern CNC machining center. Thermal influences on the errors 1s the
maln objectlve of the experlmental work. Based on experimental
evidence, 1t 1s shown that thermal effects on the accuracy of machine tools
can be predicted by the use of simple regresslon equations. Finally,

numerical methods are used to predict thermal Influences on the errors of
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machine tools. These methods make use of measured values of

temperatures for prediction of errors.

Based on the evldence presented In this report, 1t 1s shown
concluslvely that thermal Influences on the errors of machine tools are

predictable. Technlques for determining thermal effects on machine tools

at a deslgn stage are also presented.
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CHAPTER 1, INTRODUCTION

1.1 General

Precision engineering 1is concerned with the
manufacture of artifacts to a high dimensional accuracy.
Accuracy is defined as " A measure of the degree of
conformance to recognized international or national
standards" [41]. Broadly speaking, in terms of accuracy,
machining can be split 1into three <classes, normal,
precision and ultra precision machining. Chronologically
tolerances dealing with location were to tenths of a
millimeter, then to hundreds of a millimeter. During
World War 2, tolerances began to be expressed in micro
meters. In the post war period, tolerances of fractions
of a micro meter are common place. Figure l.l1 shows the
development of achievable accuracy over the last 40
years and highlights what can be confidently expected by

the end of the century [42].

The stringent requirements of precision engineering

set grounds for development of better machines and
manufacturing processes, Unfortunately high accuracy

manufacture 1is coupled with high costs. Hence it is




“Machining”
Accuracy MACHINING TOOLS 8 EQUIPMENT
100 | Turning 8 Milling Mochines
1" Thou, — L .Geinding Mochines
1Ml 10 CNC Machines
Lapping & Honing Machines
Jigboring Mochines/Jig Grinding Machines
micron | R Comeras
Optical lens grinding mochines
Precision grinding machines/Super fin, machines
0-| Diomond grinding/turning machines
High precision mask cligners
1 MICROINCH] Ultro Precision Diamond/ Turning machines
0-0l Db wclign arotingruling engines
g}f','.‘:‘;;“"' Lithography
0001 .don beam mochining
o3 1l aomc LATTICE__ —
0-0001 | SEMRATION Moterials synthesizing/Mochining
(18°) 940 {960
Achlmblo'uochlning' Accuracy- after Norio Toniguchi

Fig. 1,1 Achievable Machining Accuracy [42]
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beneficial to search for new ways 1in which working

l tolerances can be maintained when wmachining at high

; 9 9
~ ‘.",-b'_‘-':‘:-

- production rates. Several methods of measurement, P,
- AT A
- l_':.". e

- production and control have emerged over the last decade LAYy ~
¢ At

b

' to meet the above mentioned goals. A significant event

a Fe
N in the last decade 1s the wmerging of electronic 0
N information sciences and production <control techniques V.,

'''''

l with metrology and manufacturing process into a single
integrated systew [25]. The advent of computers and
sensors have 1in a sense allowed for the possibility of

) unmanned manufacture. While such a goal 1s desirable,
it leaves much to be said in terms of maintaining
accuracy. The intention of this research is to fill a N

i - gap between ultra precision engineering which is

!

mastered, for example at Lawrence Livermore Laboratory, .

-

and conventional economic production technology t

L

i practiced in the U.S. industry [46]. N

1.2 Problem Statement and Objectives

Accuracy of large machine tool structures is RARRENE
affected <considerably by their dimensional stability T;ff—fg
under conditions of temperature and variable load :Cff}f.j
distribution. Initial geometric accuracy of any machine ‘ :
is limited by the precision of the <control equipment

used during the different stages of the manufacturing

process of the said machine, Deviations from accurate

performance, are called as errors. Formally errors are
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defined as " The difference between the actual response
of a machine to a <command 1ssued according to the
accepted protocol of that machine“s operation and the
response to that command anticipated by that protocol”
[41). Inaccuracy of a workpiece can be attributed to

several factors. These factors are listed as follows

[41]:
1. Geometric and kinematic errors of the machine
tool.
2. Spindle errors of the machine tool.
3. Thermal effects on the machine tool and on the

workpilece.
4, Static loading.,
5. Dynamic loading.

6. Tool wear.

7. Errors due to work holding.

This thesis concentrates on thermal effects on the
accuracy of numerically controlled machine tools. The
reason for concentrating on thermal effects alone 1s
because 1t 1is known that thermal effects account for
about 60 - 70 percent of the total werror in machine
tools. In this context errors of interest are generally
referred to as ‘"quasistatic" machine tool errors.
Quasistatic errors are those errors of relative position
between tool and workpiece that are slowly varying in

time and are related to the structure of the machine

I R S A IR P P T R S o T JIRPRI TP SRS SR A




tool itself. Quasistatic errors are generally

classified as follows: those due to geometry and
kinematics of the machine, those due to static and
slowly varying forces such as the dead weight of the
machine, workpiece weights and the like, and those due
to thermally induced strains in the machine tool

structure [41].

Improvement in accuracy of machine tools is
achieved by two means, one approach is error avoidance.
Error avoidance calls for elimination of the source of
the error. This 1s mainly a design problem. Although
much effort has been spent, error avoidance 1is by no
means completely solved [25]. Typical methods of
evaluating the effect of various types of influences on
machine tool structures are finite difference methods
and finite element methods. The second approach to
error reduction is error compensation. Error
rompensation 1is defined 1in [41] as "A method of
canceling the effect of the error by predicting it using
a model built for the purpose'". Software compensation
is rapidly being accepted as a means of maintaining
workpiece accuracy. Software compensation of errors, is
generally achieved by storing error values in computer
memory. The process of compensation is generally carried
out by automatic correction of positioning commands or

position feedback, The problem associated with this
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:f approach 1s that it 1is not possible to hold infinite

sets of error matrices in computer memory. It is due to
this 1limitation there 1s need for the development of

working models of the process whereby a source gives

rise to an error.

v W S S e T )T

In spite of the fact that much research has Dbeen
done in the field of thermal analysis there are no
i simple expressions relating the effect of temperature on

geometric and kinematic errors. In fact much confusion

exists even on classification and measurement schemes
- for these errors [4]1)] and it appears that much of the
work done in the field of thermal effects on machine
tools is highly repetitive. Representation and
correction of errors has been <cacried out [13,30,23].
However, the methods used generally store errors in the

form of a matrix (look up table) and those that attempt

on line <compensation, correct a single error (eg.
spindle growth [23]). Hence it is felt that a detailed

analysis of thermal effects on machine tool structures

is required. The present study will attempt to provide
cause and effect relationships for each of the
quasistatic errors exhibited by the slides of a machine
tool. While the study will —concentrate on a single
machine, sufficient generality will be provided so that
the methods of analysis and experimental verification

can be applied to any machine tool (of the same class at
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least). The machine under consideration has 3 linear v

L
o /..
B
.
v

. axes of motion and a rotary axis, Figure 1.2. The axis :
: of motion are in the x, y and 2z directions. The
. directions are as shown in the Figure l.2. For the rest
I of the thesis, part of the structure that supports

motion in the x direction 1is referred to x axis,

similarly for y axis and 2z axis. Attention will be

| focussed mainly on the linear axes. In all 18 error La L

e

.
s

terms will be studied six for each axis. The idea is to

URCIN)

A

see 1f these errors can be modeled by simple equations.

’

49249

The equations so derived will form the basis for ST

correction of thermally induced errors by the wuse of

.
:
-
R
R
i d®

sensors, located at a few strategic points.

(

The main objectiv; of this thesis is to determine
1f thermal effects on the quasistatic errors of machine
tools can be predicted by monitoring the temperature of
a few points on the machine tool. This objective is
primary and is essential for software correction of
numerically controlled machine tools. Associated with
this objective are problems of representation and
prediction of error as a function of temperature and
space varifables. The other objective is to use numerical
methods for the evaluation of thermal effects on machine

tools at a design stage.

The thesis 1is broadly split into three parts.

Chapter | provides a general introduction to the whole




Fig. 1.2 Machine Structure
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area and current status of research 1is discussed. In
Chapters 2 and 3 known numerical methods for evaluation
of thermal effects on machine tool structures are
discussed. Results as evaluated for a hypothetical
structure are presented and work space err.r evaluation
techniques are derived. Also it is shown in Chapter 3
that errors of machine tools can be predicted by the use
of simple regression equations. Chapter & addresses
analytic questions and it is shown here that the use of
regression equations is valid for prediction of errors.
Chapter 4 also shows analytic solutions of thermal
profiles and displacements for simple cases of cubes
made of thin plates. However the solutions obtained are
very restrictive. Chapter 5 is concerned with
experimental evaluation of machine tool errors. In
Chapter 5, 1t is conclusively shown that thermal
influences on machine tool structures can be predicted

by wuse of simple equations. Experimentally measured

-~ errors are presented in the appendices.

1.3 Literature Review

The following section describes the various errors

A at g A SR e

e

o

of a machine tool. Thermal effects on error terms will

e

f_ be discussed, and status of current research 1n these
ﬂ‘ topics will be presented in the next section.
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1.3.]1 Quasistatic Errors of a Machine Tool
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All machine tools are composed of moving carrilages,

tables or other elements whose purpose is to position

<
&

the workpiece with respect ¢to the tool for metal

removal. It is customary (as far as possible) to design

each positioning element such that it behaves as a rigid

body with five of its six degrees of freedom eliminated,

then to drive the element in the remaining direction and

measure 1its motion 1in that direction as accurately as

necessary for that application. Normally the desired

motion is pure 1linear or rotary. Exceptions to this

practice are few [4]1]. A typical 1linear <carriage {is

shown in Figure 1.3, The following assumptions are

made:

l. It is designed for linear motion.

2. It is a rigid body.

3. Has a device for measuring position.,

On such a carriage, one can measure at least s8ix error

terms. Three of these are translational (linear) and

three are rotational. The rotational ternms are

generally <called pitch, roll and yaw. These are defined

with respect to the direction of motion. Linear errors

are more difficult to define, the reason being due to

presence of angular motion. Of the linear errors, 1t is

customary to measure one error as the difference between

the actual carriage position in the motion direction and
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the scale reading and two errors of motion along machine
axes perpendicular to this direction. The first error
is called a '"positioning error", and the other two as
"straightness of motion" [41], It 1s desired to measure
positioning errors as close to the scale as is feasible
to reduce Abbe offset errors. The Abbe principle 1is
defined as : " The displacement measuring system should
be in line with the functional point whose displacement
is to Dbe measured. If this is not possible either the
slideways that transfer the displacement must be free of
angular motion or angular motion data must be used to
calculate the consequence of the offset " [32]. Besides
translational and angular errors, errors of non-
orthogonality present themselves. These are shown in
Figure 1l.4. Non-orthogonality errors are generally

defined as squareness errors.

Having described errors of interest, it is
desirable to present statistical issues for the
specification of measured errors. Much effort has been
spent towards this end [11,12,41]. Two of the more
important documents that specify the positioning
accuracy of machine tools are published by VDI 1in
Germany and NMTBA in America [12]. NMTBA defines spread
of machine tool error as the standard deviation of the

error in reaching a particular point.
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Line perpendicular
to X-Y plane

|
|
|

Line perpendicular
to X in X-Y plane

~
Motion ™~
axis

Reference axis
chosen by convention

In X-Y Plane

Line perpendicular to X-Y plane

Z motion axis

A

’
{
!
{
1
)
1

Z Axis Squareness

Fig. 1.4 Definition of Squareness [41]
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VDI defines spread as follows [l1] :

o3 - Ri/d (lol)

where

Ri = range of sample
d = correction factor
Correction factors are provided in tabular form by the
vpr [12]). All the papers [11,12,37,40] identify two
groups of errors: a) Systematic errors and b)
Statistical errors. Systematic errors are those that
are reproducible while statistical errors are those that
are not.,. In [40], the effect of hysteresis 1s also
shown. The concept of an error template is proposed in
[40,37]. The error template defines the acceptable

range for an error graph.

The problem discussed in [17,18,33,40] deals with
evaluation of the combined error in the work space of a
given machine. In [33], the analysis 1s based on vector
diagrams. Every machine <can be described by vector
diagrams. A typical diagram 18 shown 1in Figure 1.5.

Using vectors to represent each axis, it is shown that

the error vector will be of the form

|EAZ |[EAX| |EAZ|
Z + EZ + |EBZ| (X+EX) + |EBX| |EBZ| (W+EW) =
ECZ ECX 'ECZ,
|EAY |
Y + EY + |EBY| T (1.2)
ECY

where A, B, C are rotational axes, EAZ is the rotation
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Fig. 1.5 A Typical Machine and its Vector
Diagram [33)
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of Z axis along A etc. The workpiece error 1is
represented by EW. In equation (1.2), the terms X, Y, 2

are vectors along the x, y and z directions.

In [26])], an analytical method to evaluate the
workpiece errors 1is presented. This study {i{s based on
the use of mathematical properties of infinitely small
linear transformations. To determine lathe accuracy,
dimensional chain analysis is used. A coordinate system
is assigned to every link of the chain which describes
the motion of the element with respect to the previous
link. Using these transformations, errors are combined.
The final error term 1is defined by the following

relationship:

1=k
61_0 - (E0r0+60)+1E0A01A12”'Ai-l,i(Eiri+6i) (1.3)
where
i 0 Ay Bi;
E, = Ay 0 -ay
-8, i 0
léul
61 = léyil (1.4)
| ®21]
61 is the matrix of displacements, ri is the wvector of
tool point {in the {1 th coordinate system, Ai—l,i is

transformation between the i~] th and the 1 th system,
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ai, Ki and Bi are angular errors. In [17]), a

comparative analysis of machining error components 1is

rr,e ~ -
o .
LA MR

done, The authors list out machine error components as

»
I

-,

Wl

belonging to one of the following two classes: a) errors
i of the NC system and b) errors of the MFTW system.
(MTFW Machine tool, fixture, tool, workpiece). These
‘ errors are combined to give the overall effective error.
i A similar analysis is done by Donaldson in [41]. He
proposes a system of error budget. This concept deals
with the determination of the complete set of error
» sources in a machine tool, finding the resultant
displacement error, dividing them 1into directions,

combining errors in the same direction and finding the

i final workpiece error in each direction wusing the

™ resultant displacement error and the workpiece geometry.

A major effort has been launched at NBS [13] to
explain the problem of three dimensional metrology.
Three different techniques are wused for understanding

machine behavior. These are: a) rigid body kinematics

Ao

b) temporal modeling and production sampling and <c)
techniques of multiple redundancy. Rigid body
kinematics calls for choosing minimum number of ideal
reference frames (coordinate systems) necessary to
characterize a machine. Matrix transformations are used
to relate <coordinates in these chosen frames. Three

coordinate systems are chosen: the space system, table
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o system and the object system. Using error
transformatiouns, relations are obtained for expressing
errors in the object system. Temporal modeling deals

with use of statistical means to eliminate drift and

temporal variations in measured values. The technique

-

calls for using a single point as a gauge point and k
other points as check points. Using the gauge point as
i one which is employed in every measured cycle, drift is
determined. The drift so obtained is used to correct
all other check points. Multiple redundancy method is
. used to eliminate non-orthogonality and scale errors in
measurement. The result of this effort 1s that the

general error term 1is a function of machine position,

i and of such variables as loading and temperature. This
is confirmed with experimental work carried out at NBS.
They also propose methods for computer compensation of
l errors by storing the actual error values in matrix

form. The study, however, has been carried out on a

measuring machine. Measuring machines as compared with

NC machine tools work in a better environment and are
generally not subject to forces experienced by machine
tools. This will be a fundamental difference between
the present research effort and the one carried out at

NBS.

In (18], an analysis of the displacement, planar

{ and volumetric errors of multi-axis machines is
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presented. The combined effects of all errors 1in the
measuring system and errors in geometric features such
as linearity of motions and orthogonality of axes of
motion is considered. Using measured values of errors,

the authors show that it is possible to evaluate

volumetric error in the work space of a machine tool.

1.3.2 Thermal Effects

Thermally induced errors in machine tools compare
in size and type to those resulting from tool wear and
mechanical deformations [8,20,41). Awareness of thermal
effects as an error source requiring attention in the
basic design of machine tools 1is typically 1increased
each time that the human operator is removed from the

direct control of the process.

Thermal effects in manufacturing and metrology can
be categorized as in Figure 1.6 [41]. Speaking broadly,
thermally induced errors are caused by three types of
sources: temperature of tne environment, external heat
sources and internal heat sources. External heat
sources are pumps, motors, cutting forces and chips
produced during machining operation. Internal heat
sources are bearings, gears, <clutches, slideways and
hydraulic oil., Heat dissipation from these sources into
the structure and workpiece result in thermal gradients

with consequent structural and workpiece deformations.
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Generated heat also influences the measuring system of

the machine, hence contributing to positioning error.

The theoretical basis for the evaluation of the
deformation behavior of solids due to thermal loads is
generally known [7,10,22,36], but, mathematical
difficulties in treating the problem of thermo-~
elasticity are considerable. Hence only a few rigorous
solutions have been obtained [7,22]. Due to such

complications, numerical techniques are generally used.

Several studies have been carried out in the area
of thermal deformations [16,19,20,21,23,27,28,29,31].
In these studles, the finite element technique 1is
generally wused to evaluate deformation characteristics
of machine tools. Then experimental data 1is wused to
evaluate the accuracy of predictions by numerical
methods. However it should be noted that due to
inadequacy of 1information on heat sources and transfer
of heat at joints, computations to determine thermal
deformation behavior of machine tools provide no more

than trend predictions.

Spur and De Haas study the effect of temperature on
machine tools [34]. The machine used in [34] is driven
by a lead screw, and is of the open loop system type.
The study done consists of experimental findings. The

authors propose methods for improving the thermal
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stability of machine tool structures. The methods

proposed include 1insulating the measurement systenm,
which reduced the original error by 90 percent. Cooling
of the machine tool is also experimented with, Heat 1is
removed by splashing oil on the inner surfaces of the
machine tool, This along with cooling of clutches by
splashing o0il causes substantial reductions 1in the
deformation behavior. One of the experiments is
coancerned with transfer of heat by hot <chips.
Experimental work proved that heat transfer {1is not
affected by the temperature of chips, their form, or by
the manner of pouring (all at once or continuously).
The authors propose two methods for reducing the
influence of heat input from chips. a) Removal of chips
(but this would call for auxiliary energy) and b)
Insulation of the machine tool. Insulation of the
machine tool by a cool layer of chips shows a reduction
in heat transfer rate with increase in thickness of the

layer of cool chips.

A recent study done in Japan [28] shows 1nnovative
methods for improving the accuracy of machining centers
by software correction. Geometric error is measured 1in
advance by using a standard master part fixed on the

table. Relative displacement between workpiece and
spindle caused by thermal deformations is evaluated by a

simple finite element model of the machine. The finite
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element model is programmed on a dedicated minicomputer
and uses on line temperature measurements. NC command
pulses are modified by the computer to account for the
geometric error and deformation of the machine. Errors
in three dimensions cannot be measured accurately, hence
they are measured in a single plane. Once these planar

errors are measured, equations of the following form are

fitted to measured data.

2
5x = eclx + ¢c2y + c3x + cé4xy + ¢S5y

2 2
8y = cbx + c7y + c8x + c9xy + clOy (1.5)

The coefficients ¢l .. cl0O are evaluated by the wuse of
least square estimators. A method of evaluating
deformations due to thermal effects by finite element
method 1s also formulated. An equation of the following
form was used for the on 1line evaluation of thermal

deformations:

(s>t = [ M 1)+l N (o)

displacement vector

force vector

temperature at heat source.
(M} inverse of force stiffness vector,
(N] ( K] [ F]
[F] Force conversion Matrix

equatfon (1.6), 1 denotes the node at
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displacement 1is required,

at k, and

experimental methods that the

reduction in error. In {[27],

analysis program has been

capable of analyzing the statlic,

behavior of machine tool

designed so that analysis can be

providing structural information

plate elements, modules and

evaluates static, dynamic and

given structure,

In [23],

to temperature of
The correlation is linear and the
the response of loss in accuracy due
rate follows a first order time lag.

no time lag between temperature raise

AU i W BN e s SAEC path NS L SR AN Sl o S S i)

for nodal force at j and heat
[K] is the stiffness matrix.
technique
a machine tool
developed.
thermal

structures,

as
units.

thermal

displacement of the spindle is
a single point on the spindle head.

analysis

RAMEAAC Sl A A A M A Sl

DY

ahast S e b an, aAsad Sl gl saho )

It is shown by
causes a
structural
The program is

and dynamic
Data input is

carried out

by
a combination of
The program

rigidity of a

correlated
shows that
to heat generation
is

However there

and displacements.

It should be mentioned that this 1is one of the few .
efforts to correlate thermal displacements to jf—ﬂffj
temperature of a specific point on the machine tool |
structure. The report also provides 1interesting
information on software compensation of thermally
induced error.

In (16,29,38], principles and examples of

calculation of thermal

deformations by finite element
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technique are provided. The calculation sequence 1is
divided 1into two complexes, calculation of temperature
distribution and calculation of thermally caused
deformations. These two calculations are independent of
each other except that calculation of the thermal
problem must ©precede calculation of the deformation
problem [38)]. A variational principle for evaluation of

the temperature distribution is presented in (38].

2y = [ 8% 1715 (1.7)

where

e
(® ) = temperature distribution

[ H ] = temperature stiffness matrix

Q%)

matrix of heat input or heat loss.

Similarly equations are derived for deformation of a bar

Y
(u®) = [ kS )T ES)+(FS) (1.8)
where
(u€) = deformation
e

[ K ] = stiffness matrix
(Fe) = matrix of external forces.
(F_) = matrix of thermal forces.
The analysis is based on one dimensional <conditions,
however it «can be extended to multi-~dimensional cases.
Calculation of thermal deformations and measured values

of temperature are plotted against duration of heat
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generation, The authors point out that 1in spite of
satisfactory correlation between measurement and
calculation, the wuse of calculation sequences to
determine thermally 1induced -errors is suspect. The
reason for this suspicion is due to lack of information

on thermal and mechanical boundary conditions.

In [29], a method for calculating the deformation
of structures due to thermal loads is presented. The
development here is two dimensional. The machine is
modeled as a thin walled structure, and results of the

analysis are compared with experimental work. The other

interesting aspect of the paper is the development of a

method for evaluating the intensity of heat sources.

The method is one of matrix partitioning. It calls for r»e.f»,v_.t_.
partitioning the thermal relation matrix into two parts,
nodes that are connected with heat sources and nodes
that are not., The authors also propose methods for
evaluating both the intensity of heat sources as well as

the temperature of nodes not associated with heat

“~
sources, based on measured values of temperatures of _!__,,

nodes connected with heat sources.

Attempts towards clarification of methods used for it:ﬂ*“
curbing thermal deformation as well as methods used for
control of thermal deformation of machine tools are
presented 1in [16,28]. In [16], computer methods are

used to evaluate the effect of column and guide
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structures, cooling units and types of spindle bearings
on the thermal behavior of a machine tool. The study
restricts 1itself to horizontal type machining centers.
Three types of structures are considered, single column,
partially symmetric double column, and a fully symmetric
double column. All models have about the same height
and about the same stroke. Spindle bearings and
hydraulic pumps are taken to be the two main generators
of heat. Design parameters considered are type of
guide: sliding guide (whole surface is in contact) and
roller guide (contact is restricted to a small portion
of the guide-way). Three types of cooling devices are
considered: no cooling, fan <cooler and refrigeration
cooler, Finite element analysis of the three different
structures is carried out and the differences in
performances noted. Use of a refrigerating cooler has
dramatic effects on the deflection pattern. Under 1ideal
conditions (cooling capacity of cooler is equal to heat

generating rate of the machine) a small temperature

elevation 1s noted. This type of refrigeration 1is not
sufficient for control of thermal influences, hence the
authors recommend use of an excess capacity refrigerator
to maintain the temperature of the circulating oil to

within | degree Celsius.

Attempts to control thermal deformations are

discussed 1in [28, 29]. In both papers, methods are

T e e,
"&‘:L’h‘. k"L.:L
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identified for control of thermal deformation through
the wuse of heaters. The problem is modeled as a time
optimization one. The general approach 1is to use
heaters to heat wup the structure to steady state
temperatures and maintain these temperatures over time.

Experimental results are compared to theoretical

solutions. In this context, the efforts of J.B. Bryan

at Lawrence Livermore Labs [41] should be mentioned. ';""""

o S IR S 4
st Te .

Thermal stability is achieved by immersing the whole }ff:ggw,
machine in a bath of oil. It appears that a brute force

approach as in [4!]) will succeed.

R.L. Murthy has analyzed the thermal deformation of

a semi-automatic <chucking machine [21]. Heat sources

considered are: power pack, motor, pump, relief valve,
and friction in bearings. He evaluates the temperature

along the spindle shaft as:

4 -4
T = 12 % + 52¢ % (1.9)

where T is the temperature and x is the distance from
rear bearing. Using a one dimensional thermal diffusion

equation, thermal shift of the spindle is calculated.

Attempts to correct the error 1induced due to

thermal expansion of the tool are discussed in {35,30].
Both methods rely on the assumption that thermal
expansion of a tool can be expressed as function of heat

generation rate and time. Software correction iandicates o (
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that errors can be reduced from 80 micrometers to 15

micrometers.

This last section is devoted to current research in
thermal contact resistance as applied to machine tool
structures. In the past few years much work has been
done in this field typically by M.H. Attia and L.Kops
{1,2,3,4,5,6). Analysis of the process of heat transfer
across joints 1n machine tool structures reveals their
non-linear thermoelastic behavior. Nonlinear behavior

is exhibited due to two causes: a) material nonlinearity

due to the fact that surface asperitles'take a nonlinear

load dependent form, b) nonlinearity resulting from the
thermoelastic behavior of <contacting elements, which
experience a closed loop interaction between the thermal
field and thermal deformation of structural elements 1in
contact. This interaction causes changes in contact
pressure and the change is reflected 1in redistribution
of thermal resistance. Hence thermal contact resistance
is to be defined as a distribution, not a single value
[6]). In their work Attia and Kops include the time
dependent behavior of a joint in the analysis of machine
tool structures, This theory 1s a departure from
existing methods in which thermal contact resistance 1is
measured as a single average value, not representing
realistically the conditions of heat transfer across

machine tool joints. 1In (6], the theory is verified by
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photoelastic models. Using the developed theory,
deformation of structures is studied in [2]). The
difference between results obtained from a model with
thermoelastic interactions and a model without
thermoelastic interactions is presented in ([2]). The
analysis however is restricted to two-dimensional cases.
The formula for equivalent thermal conductivity is given

as follows:

| H n=inf |
Al [+] B b 1
k =4aly_ o By o Lo (1.10)
c a |ktanb'p, k o0 ,
Lp, __|? N
[ —— * cos(nmy)dy *p ¥ I ——
0 Pav 1=1Pecq

In Equation (1.10), the terms are defined as follows

a = crossectional area of contact element.
A = nominal interface area
b = length of contact
H = hardness
k = thermal conductivity.
k = equivalent thermal cond. of contact
element.,
1 = length of contact element
N = number of contact elements along joint.
p = local contact pressure.
p = agverage contact presure.

Yy = y/b dimensionless variable.

o = standard deviation of contacting surface.
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tan® = mean abs. slope of surface irregularities.
The second term may be neglected without causing much

error. This leads to the following simplification

| A
Kk = |-L & ktan®, , (1.11)
c a H o [

B
For the same problem, the authors show the equivalent

modulus of elasticity to be Ec

1
In equation (l.12), C and m are <constants. Using the

L[ A 1w
E = C' a 'pc (1.12)

above formulas, the thermal problem and elasticity
problem are solved. The solutions are compared and
significant differences are shown. One drawback appears
to be that the solutions of the thermal and elastic
equations for machine tool structures are not compared

with experimental results.

Although much work has been done in the area of
thermal effects on accuracy of machine tools, it has not
yet been established that thermally induced errors can
be predicted by monitoring the temperature of a few
points on the machine tool structure. This problem and

associated issues will be discussed in the next few

chapters of the thesis.




Fale® 00,

il

32

Lt RO

CHAPTER 2. TEMPERATURE AND ELASTIC DEFORMATION

B el i ie ¢

CALCULATIONS

I 2.1 General

i Analysis of thermal behaviour is possible by

i methods, numerical and experimental. Chapter 2

t concerned with the usage of known numerical methods

" the evaluation of thermally induced deformations.

_ structure chosen is a hypothetical one. It resembles

i the one shown in Figure 1.2. Details of the structure
are shown in Appendix 1, Figures Al.l, Al.2 and Al.3.
For the purpose of calculations, the z axis (part of the

. structure that supports motion in the 2z direction)

the machine 1is considered independent of the x and y

axes. The reason for doing this is because the =z

axes are modeled together. The analysis 18 three

dimensional. The reason for resorting to three

. dimensional analysis is because heat sources are

sources is shown in Appendix 1, Figure Al.4.
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is not an 1integral part of the machine. The x and y

located symmetrically on the machine. Location of heat
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Calculation of thermal behavior of a structure can
be divided into ¢two <complexes: calculation of the
temperature distribution and calculation of thermally
caused deformation. These two complexes are independent
of each other, except that the temperature calculation
must precede the deformation <calculation [38). The
mathematical relationship is formulated in equations of
heat transfer and elasticity. The precise analytical
solution of these differential equations 1in technical
applications is usually impossible, because of
complicated boundary conditions and complex shapes. So
approximations have to be used. The approximations used
are finite difference equations for the heat transfer
problem and the finite eleme~t technique for the elastic
deformation problem. For the purpose of calculations,
the structure 1s assumed to be made of an isotropic

homogeneous material.

2.2 Heat Transfer Problenm

The heat transfer -equation to be solved 1is as

follows [15] :

2 2 2 2 2 2
d T/dx + d T/dy + d T/dz + Q/K = (2.1)
(pcp /K) * 3T/at
Equation (2.1) governs the conduction of heat 1In a

solid. Solution of Equation (2.1) is carried out by

subdividing the calculation domain 1into a number of
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smaller subdomains or elements and evaluating the value

of the dependent variable within each element. In this

"a T» L
o WL .

. manner the continuum calculation domain 1is discretized.

It 1s this systematic discretization of space and

dependent variables that makes it possible to replace

SR e

. the governing differential equations with simple
algebraic equations, which can be solved with relative
i ease. Solution of Equation (2.1) is desired over time
’ to define the thermal profile of the machine tool.
Since time is a one-way coordinate, the solution is
obtained by marching in time from a given initial
distribution of temperature. The task 1s: Given a set
of temperatures at time t(i) it is desired to obtain the
i value of temperatures at time t(i+l) and so on.
Discretization of the heat transfer Equation (2.1) can
: lead to several forms of equations:
i 1. The Implicit form
2, The Explicit form
3. The Crank-Nicolson form
The implicit form is used in this thesis because of
limitations on time step size in the explicit form and
of possible errors in the assumption of linear variation
of temperature over the time step in the Crank Nicolson

solution [24].

Applying the principle of discretization to

Equation (2.1), 1t can be represented as follows [24]:
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N a T=a T+aT+a T +aT+aT+aT+B (2.2)
I PP ece w oW n n s s t t b b
I Where each of the terms 1is defined as follows.
N a = K Ay Az/23x (2.3)
.. e e e
- a =K Ay Az/dx
I w w w
- a = K Az Ax/dy
n n n
a = K Az Ax/?dy
s s s
. a =K Ax Ay/dz
' t t t
= = K Ax Ay/dz
. b b yrozy
- a = peg Ax Ay Az/A(t)
: Q Ax Ay Az + 0 TO
. = x Ay Az a
) P P
-~ a = a +a +a +a +a + a_ + a ~ QAx Ay Az
p e W n s

)
problems. Sparseness of matrix and lack of tri-diagonal T
matrix structure prevent easy matrix inversion, hence Qf{;» -
k iterative methods have to be used. Here the ,*}f».“d
. ;;.__.:
overrelaxation scheme is wused and convergence of -

R - e S T e E
ERENLENLPNLISAEI,: PN S BIGE  RS A. S i L, S i)

Referring to Figure 2.1,

the meaning of this discretized

equation 1s readily clear. The Equation (2.2) defines
the value of temperature at any point in a
discretization grid as the linear sum of the

steady state condition i

, in Equation (2.3). Solu

equation is obtained by

solution is checked for,

Y et e e A

» »

temperatures of it”“s neighboring points.

s possible by setting

tion of the above

an iterative method,

at each iteration.

PSR B P e el
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Calculation of
A(t) = o

discretized

for large
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2.1 Grid Point Cluster And Notation {24}

Fig.
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2.3 Boundary Conditions

Evaluation of boundary <conditions is the most
difficult task 1in the determination of temperature
profile of any machine. While a wide variety of
boundary <conditions are available for modeling of heat
transfer from structures, dynamic conditions present on
the surface prevent exact modeling. Inclusion of
boundary conditions in the numerical solution do not
present any great difficulty. Three types of boundary

conditions are used for analysis:

l. Natural boundary condition (Heat transfer to »

o

atmosphere) E

2, Heat transfer in closed cavities. ;.

3. Insulated boundary conditions. )
Natural boundary conditions are used for the
surface of the structure. The form of the boundary

condition is as follows [15]

qy = h(T -T,) (2.4)

This boundary condition is incorporated 1into the heat

diffusion equation as follows [24] :

X a T =aT +b (2.5)
° b b 11
E where
[~
> K,
‘-:. ai = Ex— (206)
® i
[~
s b = hT (2.7)
L~ £
.
g
»
&
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-':.'_.-‘...' y SIS o ST T e - - o Tt
cathal - Ll‘_: s aaa WP _'.,-:'..'_\L'-._ R




TSRO .’. N e w et LW EW AR R LR EVVNK

R The term ab is written out as [24]:

" a = a + h : (2.8)
) b i

Inclusion of insulated boundary conditions (on the base
o of the machine) is easily achieved by setting h to zero.
o Boundary conditions within <closed <cavities are more

difficult to handle, because it 1s impossible to make

any realistic estimate of temperature distribution

- within a cavity. Hence for the problem on hand,
S internal cavity temperature is assumed to be the average
. of the inner wall temperatures. The cavity temperature
K is calculated from time step to time step. Also, -exact
evaluation of heat transfer coefficient within a cavity

- is not possible. It is expected that with rotating
parts, some form of turbulent convection will be taking

place.

2.4 Evaluation of Heat Transfer Coefficient

Heat transfer coefficients are evaluated for each

VLY LT

of the ©plates (horizontal and vertical) on the machine

- using the following relationships. For vertical plates,

it is known that [15]:

2 g8(T, -1 L’ B
(2 . 9) L t.‘.‘n.‘_‘\'_“\

. Ral = a v
In Equation (2.9), the terms are as follows:

w a = thermal diffusivity

o v = kinematic viscosity

S A

e a0, 7y e e
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The Nusselt number NU1 is evaluated as [15]:

2
0.387R 1‘/6
NU; = [0.825+ a
|1+o.492/Pr9/16 8/21
h = NU K/L (2.10)
For Horizontal Plates {15]:
L =4 /P (2.11)
1/4
NU = 0.27 2.12
U1 0 Ra1 ( )

Now calculation of h is as before with Equation (2.10).

For Cavities [15}:

A
v
)

3
gB(Tb-Tf)L
Ra = (2.13)
1 a v

Evaluation of Nusselt number is as follows [l15]:

- 0.29

:.. Ral

:% NUl = 0.18(?:67515;) (2.14)
ii Evaluation of overall heat transfer coefficient for the

machine is done by averaging each of the above values
based on the respective <contribution to heat loss

- (depending on the surface area). Radiation effects are

also considered. Radiation heat loss is as follows

[15]):

T
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2.5 Some Numerical Results

Following are some of the numerical results
obtained as a result of the finite difference
calculations for the =z axis. Room temperature 1s
assumed ¢to be at =zero degrees Celsius. Table 2.1

indicates the difference in solution of temperature
field by wusing a very large grid (1224 nodes) as
compared to a smaller grid (648 nodes). Table 2.2
indicates the difference in solution with a time step of
15 minutes as compared with a time step of 5 minutes.
The temperature 1s given in degrees Celsius. Tables 2.1
and 2.2 present the temperature in Celsius at the source
point. It is seen that the temperature does not vary by
more than a degree Celsius for both cases. So all
solutions have been carried out with a time step size of
15 minutes and 648 nodes. Similar analysis on the x 'y
axis indicates that a time step of 15 minutes and 1652

nodes 1s sufficient.

2.6 The Elastic Problem

One of the causes of strains in a body is its non-
uniform heating. With rising temperature, the elements
of a body expand. Such expansion generally cannot
proceed freely 1in a continuous body. Hence thermally

induced stresses and strains result. Deformation of a

body under non-uniform heating is typically an elastic
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problem. Laws of elasticity being linear allow for easy

solution of the deformation <characteristics of the
structure. Laws governing deformation of any structure
follow from Hooke“s law. Theory of elasticity defines

these laws as follows [36]:

1
e, = E(ax-v(oy+cz))+aT (2.16)

1
e, " E(cy-v(ox+cz))+aT
1

e = =(o_ -v(o_+0 ))+aT

z E "z X 'y

Assocliated with stress strain relations given above, are
equations of equilibrium, equations of compatibility and
boundary conditions that have to be satisfied.

Reference [7,36,22] provide a good review of the

required material.

For a finite element formulation, displacements in

a structure is represented in matrix form as follows:

[K] {D} = {R} (2.17)
[D] is the vector of displacements to be calculated,
given the nodal loads {R} and stiffness of the
structure, Each node 1in a finite element mesh has
associated with it a certain number of degrees of
freedom, (depending on the type of element). Each
degree of freedom is a displacement and is represented
as an equation in the matrix representation of (2.17).

In Equation (2.17) the stiffness matrix [K] is explained

as follows: The jth column of (K] is the vector of nodal

[ ] {
, - - Wy
PTG
> -.‘-.._'b'_ "y
AL S | n-" v
EE M . F)
PSS I i S
AN AL
LY ~>\.ﬂ L

)
.t
s

>

55
f
A




O I e ) o =

, ’ a ¥
N
v
"‘
’
A
]
-
L]
T
o
' i
0 .1
4
¢
4
.(
’I
F
]
‘i
R
h
h
3
1
L,
h
h
A
]
h
t
t
1
t
T si

43

forces that must be applied to the nodes to maintain
static equilibrium when the jth d.o.f. has unit
displacement and all other deo.f. have zero
displacement [48]. Boundary conditions are incorporated
into degrees of freedom of a particular node. Those
that are active are kept as equations 1in the matrix
Equation (2.17), while those that are not active have no

equations associated. Having obtained the vector of

displacements, it 1s possible to evaluate stresses and

strains from theory of elasticity.,

In Equation (2.17) evaluation of the stiffness

matrix is done at two levels:
1. At each element in the structure
2. For the whole structure (global stiffness
matrix) from element matrices.

A variety of methods are available for formulation of

the stiffness matrix given 1in Equation (2.17). Any

R
s M Y

standard text in finite elements presents these issues.

R A
et ‘l *

¥ v

For evaluation of displacements the structure under

s consideration, the SAP 5 finite element program from
2{ University of California, Berkeley 1s used. Two type of
iz elements are used for modeling the structure:

: 1. Eight node solid elements (three d.o.f./node
;k ,Figure 2.2)

i 2. Thin plate elements (six d.o.f./node ,Figure
]

DA 2.3)
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Eight node solid elements are in the shape of a brick
i and have eight nodal points, with three degrees of
. freedom per node. Thin plate elements are wused for
o modeling plates in the structure. These nodes have six
i degrees of freedom per node, At nodal points common to
both types of nodes, non-trivial degrees of freedom are
found by combination. For the problem on hand, all
i nodes associated with the base of the machine are given
zero degrees of freedom (essentially the base is fixed).
All other nodes are given all possible degrees of

— freedon.

Results of numerical calculations are presented in
. the form of plots. For sake of <clarity the plots
- presented show each of these axes independently.
. Displacements obtained at time 180 minutes for heat
;- source type 1 (refer Appendix !, Table Al.l1 and Table
I Al.2) are plotted for each of axis, Figures 2.4, 2.5 and
2.6. The variety of conditions for which solutions have

been obtained 1s presented in Appendix 1, Tables Al.l

P‘ and Al.2. Each of the Figures 2.4, 2,5 and 2.6 have

local coordinate systems and these are shown in the

) respective figures. These coordinate systems are
i. different from the machine coordinate system, shown in
Figure l.2. All calculations have been performed with
. respect to coordinate systems as shown in respective
b‘.
d - figures.,
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CHAPTER 3. COMPUTATION OF MACHINE ERRORS

3.1 General

Numerical techniques for evaluation of thermally

induced displacements in machine tools were presented in
chapter 2. Evaluation of errors from a distorted

structure is discussed in the present chapter.

A typical linear carriage is shown in Figure 3.1.
The following assumptions are made about the carriage:

I. It 1is designed for 1linear wmotion in X

direction.

%
R M B A |

2, It 1is a rigid body.

LSRR RS

3. Has a measuring device for x position.
On such a carriage, one can measure at least six

.. different error terms, one for each degree of freedom

i [41). Besides these errors, errors of drift and errors

; of non-orthogonality of the various axes present i;*é: il
i themselves. Each of these errors vary with temperature | ;;ﬁ
! and it is suspected that strong relations exist between k‘.ﬁ‘.;:
. these errors and thermal fields 1in a machine tool x tﬁﬁ
' structure. While some of these &errors, typically .Ei
) :.}

positioning errors are a function of the positioning

.- ‘_».’_a G IR O S S
e s e T T T T T T N T T e e e T e e e s e e e e SRS “
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Y-AXIS OF VERTICAL STRAIGHTNESS

Z2-AX1S OF
ONTAL
STRAIGHTNESS
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3.1 The Six Degrees »f Freedom [52]
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O system (lead screw, resolvers etc), rotational errors,

. and errors of straightness, will exhibit strong

.-

5 dependence, on machine structural distortions. A

-

5 procedure for evaluation of structurally dependent
errors 1s presented here. Combination of all errors

causes the accuracy of a machine tool to deteriorate in
it”s work space. This is the principle offered by "Abbe
l offset" errors [32]. A method for evaluating the
: combined error 1in the work space is proposed. This
chapter also discusses the possibility of prediction of
) thermally induced errors in machine tools. The approach
proposed here uses regression equations and the method

is verified with numerically evaluated data.

3.2 Evaluation of Structural Errors

- Errors of interest are the six degrees of freedom

. exhibited by a carriage. The 1dea wused here is to
simulate carriage motion on a distorted structure
(numerically computed) to obtain the error

characteristics of the <carriage. The methodology for

>

) obtaining structural errors 1is related to rigid body
motion.

i The carriage itself is represented as a 1line that

; spans the guideways. Motion of the <carriage 1is

2 numerically implemented by moving the line (representing

i the carriage) along that portion of the distorted
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structure represented by the guideways. As the 1line

moves along the guideways, it will exhibit six degrees
of freedom (errors) which are similar in nature to the

errors exhibited by a moving carriage.

The technique is explained in Figures 3.2 and 3.3.
In Figures 3.2 and 3.3, the shaded portion is the
guldeway, while the line itself is the carriage. Flgure
3.2 shows the calculation of vertical straightness error
and roll. Figure 3.3 shows the <calculation of pitch.
Calculation of vertical straightness error is done by
averaging the values of displacements at points 1,2,3
and 4.  For calculation of roll, displacements at points
1 and 2 are averaged to give displacement at point 5,
Displacements at points 3 and 4 are averaged to give the

displacement at point 6., Roll is now calculated as

Roll = atan(Az/dl) (3.1)
Az and dl are as shown in Figure 3.2. Figure 3.3 shows

the technique for the calculation of pitch. Similarly

yaw and horizontal straightness can be evaluated by
considering the horizontal displacements of the

guideways. ﬁf.;;ﬁ}]

e ...

A few comments are appropriate here to distinguish ‘
DASROPNO

between measurement of errors and evaluation of errors, 0 y j;;
e -

as proposed above. Errors are invariably measured with E%Ei?z:ﬁ
respect to some reference frame. It is not possible to tf;_.\‘-!
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measure error magnitudes in terms of absolutes. In
contrast, in the above method, one has a fixed reference
frame, namely the wundistorted structure to compare
against. This wundistorted ("nice") structure does not
exist in the case of experimental work. Further it 1is
not possible to evaluate errors that are built into the
machine., These errors are assocliated with manufacture

and mounting of the machine in question.

As regards positional errors, it is well known that
these are a function of the lead screw errors (pitch
errors of lead screw) and of 1linear expansion of the
lead screw., The lead screw 1s not incorporated into the
model, hence it 1is not possible to evaluate lead screw
induced errors., However, if it is assumed that lead
screw expansion follows that of the structure, then it
is reasonable to deduce that linear expansion of the
lead screw is at least of the same magnitude as that
evaluated by structural <calculations. The calculated

errors are plotted in Figures 3.4,3.5 and 3.6.

3.3 Assessment of Volumetric Errors

Volumetric error is defined here as the error
vector of all combined errors in the work space of the
machine. It 1is 1mportance to determine how errors

detected at the various axis combine in the work space

of the machine. Evaluation of the combined error
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Eé provides an indication of the actual error a workplece 2
> will experience. Here it should be stressed that errors :
i‘ of the cutting process and errors in location of tool

‘é and workplece are not considered. For this part of the

~)

. analysis, three models are formulated,

- l. The coordinate system is orthogonal (model 1)

_?’ 2, Non orthogonality of the coordinate system 1is

» considered (model 2)

:ﬁ 3. Errors of drift are introduced (model 3)

; Using the above models, it is possible to determine

k' the error vector 1in the work space of a machine tool.

; The relations are defined for a three axis machine.

: - Extension to larger number of axes is easy.
]

3.3.]1 Model 1

. The model derived here defines the volumetric error
for a perfectly orthogonal system. By a perfectly

orthogonal system, it is meant that motion along all

three axes follows along three orthogonal lines, All
errors are defined with respect to a single reference
point and this point 1s the zero of the machine tool

o - coordinate system. Second order effects are not

considered.

Homogeneous transformations are are ideal for
representation of errors. They are also 1ideal for

calculation of volumetric errors. Combining errors for

ettt
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x axis, the following transformation results [49]:

1 -ez(x) ey(x) Ax(x)
ez(x) 1 -ex(x) Ay(x)
~ey(x) ex(x} 1 Az(x) . (3.2)

0 0 0 1 I

Similarly matrix transformations can be obtained
for axes y and z. It 1is known that neglecting second

order terms, these matrices possess the following

property :

(X] (v] = [Y] [x] (3.3)
Matrices obtained for x, v and z axes can be combined to

obtain the volumetric error matrix as follows:

‘ 1 -EAZ EAY Ax
| EAZ i -EAX Ay l
= 3.4
E | ~EAY EAX 1 Az ( )
0 0 0 1
i f
Each of the above terms is defined as follows :
EAX = ex(x)+ex(y)+ex(z) (3.5)

EAY = ey(x)+ey(y)+ey(z)
EAZ = ez(x)+ez(y)+tez(z)
Ax = Ax(x) + Ax(y) + Ax(z)
Ay = by(x) + Ay(y) + Ay(z)
Az = Az(x) + Az(y) + Az(z)
Now volumetric error is calculated at any point in the

work space as follows: If the vector of a point in the

work space is given as:
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[pos] = ‘ ’ (3.6)

I

then the volumetric error is :

|

”I

- N < K

(vl] = [E] [pos] - [pos] (3.7)

3.3.2 Model 2

Here errors of non-orthogonality are considered.
Errors of non-orthogonality are due to non orthogonal

motion of slides on the axes. Referring to Figure 3.7:

2 2 2
oa +(oa*tan(pB)) +(oa*tan(a)) =ob

Defining the following,

2 2
conl = \)ll+tan a+tan B (3.8)

real motion along any axis say x, is obtained as

Real motion = X conl (3.9)
In Equation (3.9), X is the x component of the [pos]
vector, Similarly real motions along the other two axes

are calculated. The calculation yields a vector of the

form,
I Xconl ‘
Ycon2
Zcon3 { (3.10)
1
I |
Equation (3.10) 1is necessary for calculation of

volumetric error and it should be used in the place of

»
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Fig. 3.7 Error of Non~Orthogonality

Fig. 3.8 Error of Drift
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[pos]. It should be noted that out of plane
displacements, are represented as straightness errors

and these have already been considered in model 1.
3.3.3 Model 3

The problem of drift is considered here., Referring

to Figure 3.8, drift is defined as the following vector:

| xd |
| yd | (3.11)
zd l

If, after the calculations of models 1 and 2, the

following error vector results,

a

k|

volumetric error is

l |

l bi ’ (3.12)
)

l

then th

(3.13)

¢ tzd
This vector effectively represents the werror that a
workpiece will experience. Calculation of this vector
for the machine under consideration at various thermal
states is shown in Figure 3.9. The calculations are for
a cubic work space of 66 Centimeters ( 26 Inches ).
Error values as computed for the outer most point

(66,66,66) of the cube are presented in Table 3.1.
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Table 3.1 Error of Outer Most Point of
Work Space of Machine Tool, Numerical Work.

Time Error (Microns)

Mins X dir. Y dir. Z dir.
30. -T4.731 IT. 2T 20.37
60. =24.76 27.24 34,48

1'20. -38.95 539.97 >0/

180, -48. 18 1 87.97 8Z.52




R R e R A A R S A AN A

o 1S

n
R
L

L'y .--ht':.\ N

halu il A0 Aaf ol A f G Wol i t® g i £ a2 YRt
wL A&
P

65

- 3.4 Regression Model and Prediction Results

The objective is to obtain equations which will
predict the <errors of a machine at any point in time,
simply based on the temperature values measured at
certain points on the machine tool structure. The
technique used is shown 1in Figure 3.10, With this

‘ objective in mind two models have been formulated. One
is for time periods greater than 60 minutes while the
other 1is for time periods 1less than 60 minutes. The
models are developed and validated wusing numerical

results computed by the techniques of section 3,2.

The models attempted are as follows :

- i=n
2
Exror = 151( aiTi + bi X Ti + cy X Ti ) (3.14) G
+ d -
i=n =
= + X T o
Error iEl( ailogTi bi log { (3.15)

2
+ +
c;, X logT, ) +d
In Equations (3.14 and 3.15), X indicates the ©position

of the axis at which the error is evaluated and Ti is

the temperature of the i“th point on the machine tool.
For evaluation of the prediction equations, a maximum of
1] temperature points are used. Eight of these points
are the corner points that make up a cube and the
remaining are those that are associated with heat

sources. Location of the temperature points are shown in
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Appendix 1, Figures Al.5, Al.6 and Al.7.

v T YwYy v -w
) .

.

e C .

Equation (3.14) is used for time periods greater

v
(]
.

v,
Pl

than 60 minutes, while Equation (3.15) is used for time

A
.

'O
¢

periods less than 60 minutes, The coefficients of
Equations (3.14, 3.15) are evaluated using a standard
SPSS package. Equation (3.15) is wused because of the
exponential nature of the heating process. The reason
for using higher order terms of X is because it is known
that the temperature and displacement fields are
generally represented as sine and <cosine terms of X
multiplied by eigen values. Hence higher order terms of
X are used. Results of the regression indicate in each
- of the 18 cases considered (6 on each axis), a
coefficient of multiple determination greater than 0.95.
Equations (3.14,3.15) for the machine being modeled are
presented in Appendix l. Appendix I, Tables Al.3 and
Al.4 present the accuracy obtainable by regression
equations. It should be mentioned that the errors in
the first 60 minutes of operation are of very small
magnitude in comparison with those at later times. Due
to this characteristic, it 1s felt that compensation
based on look up tables would work very well for the
first 60 minutes. The look up table would consist of

average values of errors.

The prediction <capabilities of the regression

equations are presented in Figures 3.11, 3.12, 3.13 and
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3.14, The data points in Figures 3.11, 3,13 and 3.14
have not been used in the evaluation of the regression
equations. Figure 3.12 shows the fit of the regression
equation for data used to generate the equation. Figure
3.13 is specially relevant because the location of the
heat source on the y axis has been shifted. 1In spite of
the shift in the heat source, the form of the errors is
the same, although there 1is a change in the constant

term associated with the regression equation.

The data used for analysis has been generated by
numerical methods and hence 1is idealistic. The real
test of methods proposed is when the models of the type
used in Equations (3.14,3.15), is tested with

experimental data.
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CHAPTER 4. ANALYTIC SOLUTIONS
4,1 General

Machine tools are generally made up of box type
structures. Analysis of machine tool structures has
been done in the past and a detailed discussion of the
subject 1is present in [50). However the discussion in
[50] does not cover thermal deformations. Analysis of
box type structures made of 1isotropic, homogeneous
materials is of concern in this chapter and two types of
analysis are <covered here. One shows that thermal
effects on the errors of machine tools can be 'predicted

by the wuse of simple regression equations as shown in

N Chapter 3. The second gives analytic expressions for

the evaluation of thermal fields in cubic box type

¥ N
O
LA

structures. The second analysis has been extended to

A

cover thermal deformations. Both analysis make use of

[

PN

quasistatic approximations. Experimental results

e’
.ll

presented in «chapter 5, 1indicate that quasistatic

conditions are present. Quasistatic approximations

e T 'Y.

permit solution of uncoupled thermoelastic equations.
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4.2 A Problem of 3 D Thermoelasticity

The problem of interest is to show that thermally
induced displacements 1in a box made of thin plates can
be predicted by monitoring the temperature of a few
points. Machine tools are generally made of thin plate
box type structures, and so the analysis should hold
them too. In this section most of the ideas for
simplification of differential equations have been

adopted from [36].

A technique for the evaluation of machine tool
errors has been presented in chapter 3., This technique
essentially relates machine tool errors to displacements
by simple transformations. Because of simple
relationships between errors and displacements,
prediction of displacements leads to the conclusion that
prediction of errors is possible. The analysis also
provides 1indications regarding the 1location of the
minimum number of thermocouples required for prediction

of thermally induced errors. It should be noted that as

the number of thermocouples used increases, reliability

in prediction is higher.

- The thermoelastic equations to be solved are as

follows [7]:

2 2 3T
(A + 0 ) =4+ u 9% = (3A+2u)a = «o0(4a1)
ax e 8x




-4
-3

de 2

(A +u ) m+uvVv-(32x+2u)a —m=20
ay 5
de 2

( A+ u) Yy + Uy Vw-(3XxX+2u) a, 3z - 0

Body forces have been neglected in the Equations (4.1) .

The terms are defined as follows:

Ju dv ow
a4 A AR A
ax | 3y | 3z

u,v,w= displacements in x,y,z respectively

(4.2)

T = T( x,y,z,t ) is temperature and t is time

( vE )

(1 +v)(1=~2wv)
E

=" (1 + v)

v = Poisson”“s ratio

E = Modulus of Elasticity

ae = Coefficient of thermal expansion

For the heat transfer problem, the equation is [51],

V2T+g;t)6(x-xl)6(y—y1)6(z-zl) - h T = (4.3)
1 _ar
(Gt)t

In Equation (4.3), the terms are

h = Heat transfer coefficient (4.4)

T = Temperature

K = Thermal conductivity

[1.-]
~
(ad
~

]

Heat generation

K

t (pcP)

p = Density

cp = Heat capacity

The -h T term in Equation (4.3) indicates heat loss from

the surface of the body to a medium at zero temperature.
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Initially the elasticity problem will be simplified
and then the thermal problem will be incorporated.
Define potentials of the form [36]:

~-a ht
t
e

-atht
e

-a ht
t

w - e

Using Equations (4.5), it is seen that,

~a ht
Vzw e ¢

-a ht
2
[V y e °©

[ 92 v ) e
-a ht
Vzw = [ V2 v ] e

-a ht
t

Substituting Equations (4.6) and (4.5) 1in Equations

(4.1) yields,

A 3 2 -atht
[(Hu)?x‘ < 7 Ve (3x+2u) a,
—atht
vle (3x+2u) a,
-a ht
33 v2 yle © (33+2u) a_

Simplifying Equations (4.8),

-a ht

(+2y) (92 28 g0 T o (at2u) a,
2 -atht

(A+2u) [V e = (3A+2u) a,
2 —utht

(A+2u) [V ]e = (32+2u) ae
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From [36), the following relationship is known:

(1 +v)a

(3 A+ 2wyw) (1 +v)
(3 +2w) "~ (1 =v) (4.10)
Using Equations . in Equations . » ylelds
(4.10) (4.9) iel
-a ht
VZﬂ]at C(1+v) AT D
[V le TCT - v) %edx :
-a ht
- [ v228 ).t (1 +v) T
. 3y ‘¢ T1T -V ) “edy
3 -a ht
23y t _ (1 +v) 9T
[ Vg7 le STT =YY %edz
E' Equations (4.11) are satisfied if [36]
-a ht
1 +
[ 2y Je © = é — ; a, T (4.12)

The general soclution of Equation (4.12) is given by [36]

LA Sl dro e o b o0 et e e 4 ok on e b e a o

(4.13)

y = - 4 7 (1 ve)jﬁf T( E,n,C,t )

a ht
—;*e
r

dg,dn,dg

-

In Equation (4.13) r 1is distance between point § ,n ,%

and x, y, Z.

Also T( &,n,z,t ) is the temperature at point & ,n, { at

time t. Notice that time enters Equation (4.13) only as

a parameter. Solution of Equation (4.13) 1is generally

very difficult, hence an alternate formulation {is

necessary.

In Equation (4.3), the -h T term can be removed by

using the following transformation. Let

-atht
T = L e

P

N
Ek;ijﬂlLf: s T e T e T e e

L R R PR FUNR SR L e . .
T L DT U S S\ S R T S S R St S T Sl P
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Now Equation (4.3) will be written as :

. . . @ ht
V2L + TE%L%G(x-x )S(y=-y )8(z=~z )e t (4.14)

_Loa

a ot
t

Letting

B g (x-x)6(y-y )6z=z ) = Vg

enables Equation (4.14) to be written as

a ht
2 % 1 aL
viL + v e - — 2 (4.15)
Clt t

Equation (4.15) then simplifies to

a ht
1 9L
vl [ L+Qe ] = — 2L (4.16)
a t
t
Differentiating kquation (4.12) with respect to t, after

-a ht
making the substitution T = Le t results in,

23& (1 + v) i_
at (1 -v) % ot (4.17)

Using Equation (4.16) 1in (4.17) gives

v

Vzgg - (1 + v
] (1 = v

) 2
tz S aeatV [ L + Qe
Replacing V on both sides of Equation (4.18)

] (4.18)

a ht

3y (v v) a a L + Qe t ] (46.19)

3t - (1 = v %!
From Equation (4.19) ¢ is evaluated to be

t o ht

a a [ L+Q " Jdt (4.20)

1 +
1 e t 0

\Y
-V

( )
Vo= )

Boundary conditions have to be considered. Machine

tools are generally fixed at a few points on the base to

e P P, PSR PR R I T U Py WY PO WP DA U W G P Wiy s S G W G ey

ST oW

JRPRIONE S IR Vi SO Yoy
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the foundation. For the problem on hand, let the machine

[S
)

E

L4
"
o

be fixed at k points on the base (x1,yl,0), (x2,y2,0)

:
g

v
L4

o
2

&
" 'ﬂ
Y

eeses (xk,yk,0) These boundary conditions are written

[ I 8
;
()
i’
.’

- x,c

..at
“~

as g

u(x,y,0,t) = 0 ; at all k (4.21)
vi{x,y,0,t) = 0 ; at all k
w(x,y,0,t) = 0 ; at all k

Inclusion of boundary conditions is generally done by

splitting them into two parts as follows,

u = u(l) + u(z) (4.22)

QD) (2)
v

In Equations (4.22), wu(x,y,z,t) 1is written as u.

Similarly for v and w. In Equations (4.22), the terms

(1) (1) (1)
u 'V and w satisfy Equations (4.1) without any

(2) (2) (2)
,V w

boundary conditions, while the terms u nd

satisfy the problem of isothermal elasticity with the

boundary conditions suitably modified.

The problem of isothermal elasticity is defined as

follows
(2)
]
Cr+u—— vt a o (4.23)
. (2)
9 C A+ u )__%g__“ . uVZV(Z) -0
- y(2)
o ( A+ u) ge + w92 (2 o
° z
A For the isothermal problem, the boundary conditions are
-
p

T et e e e e s M
PEE SIS S IIRP I MEAREIPOE NN ¢




written as Equations (4.24),

(2)

u =

(2)
v

(1)

from

at

(4.22).

all k; (4.24)

.“.-'.A.._ .

RS
- - - . - ’ 0 - 0
PGNP PRI AT s PN A AR P Wl

at all k;

]
<
-

(2) (1)
v

= -y ; at all k;

Equations (4.24) force the base to remain fixed at all k

points. From Equation (4.20) and (4.5) the
displacements are
-a ht
u(l) - 9y e ¢ (4.25)
Ix
-a _ht
EPIN TR
dy
(1) _ 3y %
w = == @
92

Using Equations (4.25), the boundary conditions for the

isothermal problem are written as

-a ht
u(z) = - %% e °© at all k (4.26)
-a ht
(2) __23vy t
v 3y e at all k
~a ht
w(Z) - - 3y e t at all k
9z
The isothermal problem defined by Equation (4.23)

and associated boundary conditions of Equation (4.26) is

solved by a superposition principle over the k points

where the displacements are zero. Despite the simple

appearance of Equations (4.23), their treatment 1is not
very simple. One method of solving such Equations is

presented in [36;. The method 1s calls for

setting up

displacements as follows

-----------

RO

Pt

e
at ".\. %Y
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ad
u = ¢l - ax(¢o+X¢l+y¢2+z¢3) (4.27)
- - 23 + + + )
VR oe T y(egrxe tyd,rze,
= - 2-a-( + + + )
Wom b T R lbptxe ty ety
In Equations (4.27)

ba = —t— (4.28)

1 - v
also the functions are to satisfy the following

conditions.

0
V2¢l =0
V2¢ = 0
2
V2¢3 =0
Essentially the isothermal pfoblem is to be solved at

the k points where displacements are to be equal to

Zero. Explicit solution of the isothermal problems will

k(2) k(2) k(2)
u Y w

not be attempted here. Let nd

be the

solution of the k th problem. Solution of the

displacement problem is now written out as PN
N
t a ht k -a_ht AN ‘
wom Ao i 2eqe ooz w3 P e P 4es.30) NS
1=-v e to 9x j-l ACCE NG
t a_ ht k -a_ht -~
. v = Lty a a f[—i(L+Qe t )+ I vj(Z)]e toae
‘. I-v "e tl 3y
. 0 j=1
- t a ht -a_ht
’ w o= }t: a a 1[33(L+Qe toys s wj(Z)]e T
> ety 3z ju1

The thermal solution will be 1included 1into the

- above equation, For the thermal problem, variation of
‘e

% temperature through thickness will be neglected and the
.:; -

:':.

)

v

...... © s e .
......... A R N -

. R . . SR Tem e
P I, Sar oo gy Aledbedied sl 2’2 2t " 2 2




I e N o oC i N S S S A el A S S AN Al S b P MRS AR e AP IR Y P WD P B p AN DA e 0 e s L fp 820 2,

82

Fig. 4.1 Body of Thin Plates

T19T20T3'T4 ===

Temperature at
corner points

fl.f2,£3,f4
Boundary conditions

Fig. 4.2 Boundary Condirions
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analysis will be restricted to a single plate.

the body shown in Figure (4.1).

83

Consider

The body is heated by a

point heat source, and the observed boundary conditioans
are as as shown 1n Figure (4.2). Explicitly the
boundary conditions are written out as
T = fa(y,t) at x = 0 (4.31)
T = fz(y,t) at x = a
T = fl(x,t) at y = 0
T = f3(x,t) at y = b
The boundary conditions as defined by Equations (4.31),
are assumed to satisfy the heat conduction equation, and 5z!1ﬂ
so are separable into functions of space and time. éi
b
Explicitly fa(y,t) can be written as
f = F 4.32
4 A(y) e ( )
In Equation (4.32), Fa(y) 1s a function of the variable
- t
y, while e P is the wvariation with time. p is a
constant and the variation with time {is negative
exponential, All the functions fl, f2 , f3 and fa are '&~“;{ T
expressible as products of space and time. 'i&ﬁﬁiﬁ%}
“p t
fl(x,t) = Fl(x)e P
- t
fz(x,t) - Fz(x)e p
f3(y.t) F3(Y)e
fA(y,t) = F,(y)e
The initial condition is
T(x,y,2,0) = 0 (4.33)
ST o NPT -

TR RN TG OV A RO O
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AT ORI OV R e
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Typically in an experiment, 1f the temperatures of
corner points are m:casured, then, the temperature of

corner point 1 ( refer Figure 4.2) will be given as

- -pt
Temp at point |1 = Fl(O)e P = Fa(O)e P

Similarly the temperatures of the other 7 corner points
can be derived from equations 1like (4.32). The heat
- transfer problem (two dimensional version) given by

Equation (4.3) will be considered. Using the following

-a ht
simplification T = L e t , Equation (4.3) 1is written

b

- a ht

2 1 e 1 3L

g VL + e g(t)8(x-x )8(y-y,) = TRIT (4.34)
ii The boundary conditions as expressed by Equations (4.31)

will undergo the same transformations and are written as

L a ht
. L=f,(y,t) e at x=0 (4.35)
.I a ht
- L = fz(y,t) et at x = a
a ht
L = fl(x,t) et at y = 0
- a ht
- L = f3(x,t) e t at y = b

The initial condition is

P
B .

S

. e
L.

:& T(x,y,z,0) = 0 {e L(x,y,2,0) = 0 (4.36)
?. The Green"s function for the problem is given as [51],
v 2 2

. .. st " -at(sm + n)(t - 1)
i G(x,y,t|x ,y ,7) = — I I e n *
.S ab

» m-ln-l 5

sin(Bmx)sin(nny)sin(Bmx )sin(nn) (4.37)

el

7
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In Equation (4.37), 8m and nn are the eigen values.

mu nnw
T VF T S TF T

Letting,

2 2
¢ ~a (B + n)
t m n
and

2 2
= +
cl ct(Bm t N, h)

solution of the heat transfer problem is now written out

as

-C(t-r)sin(emx)sin(nny)*

. . utht
sin(Bmx )sin(nny Jg(t)e *

-

G(x-x])ﬁ(y-yl)drdx dy

t b —e(t-1)
+a LI | B sin(B x)sin(n y)*
mn T-Oy'_o
. a ht .
sin(nny )fa(y ,T)e t dtdy
t b -c(t~1) m
-a II | [ e (-1)78 _sin(B _x)sin(n y)*
mn T=0y’_0
. a ht .
sin(nny )fz(y ,T)e t dtdy
t a —c(t=1)
ta 2r [ [ &€ n_sin(B _x)sin(n y)*
mn T-Ox'_o
a ht .
sin(Bmx )fl(x yTde t dtdx
t a -c(t=1) n
-ntii 110 [ e (-1) nnsin(Bmx)sin(nny)*

x =0
a ht

- -

sin(smx’)fB(x J)e b drdx (4.38)

Term by term simplification can be done. The first term
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of Equation (4.38) 1is written as (under constant heat

' generation conditions ie g(t) = g)
. ht
: 4Gt eut ~e~Ct
; g ol gl gge—Isin(Bx) *
l mn t
sin(nny)sin(smxl)sin(nnyl) (4.39)

The second integral on simplification will give

: elelPE
i a i 2:-1 e Bmsin(Bmx)sin(nny);:[——:T:;——*
(FA(b)-Ta(O))] (4.40)

Note that n is replaced by (2n-1), indicating that n

will take on only odd values. This notation will be

adopted henceforthe In the above simplification, the

_ second and higher derivatives of F4 with respect to y

l have not been considered. During the simplification, it
is seen that the odd derivatives drop out, while the

even derivatives will produce functions of the form

i ,

-[sin(n_y Y£, (y ,t)dy (4.41)
n 4
0
In Equation (4.41) f, denotes the second derivative
with respect to y . It 1is seen that the Equation

(4.41) will essentially produce a series of the form

-

_l - - - l - >, e -
“n[ cos(nny )f4 (y .T)+;:[cos(nny )£, (Y »T)evesns
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The whole thermal profile is written as

L = (4.42)
a ht
Agutz le t _ e-ctj*
z
K ¢ + ah
m n t
sin(B x)sin(n y)sin(B x )sin(n yl)
m n m 1 n
e(ath-p)t ZBm
+a I b} -7 (n )sxn(Bmx)sin(nny) *
m 2n-1] n
F -
[ 4(b) FA(O)]
e(ath-p)t ZBm(-l)m
-a I I — ( )sin(B x)sin(n y) *
tm2n-1 cl-p "n " n
F -F 0
[ 2(b) 2( )
e(ath-p)t 2nn
+at T z cisp (B )sin(Bmx)sin(nny) *
2m-1 m
IFl(a)-Fl(O)J
e(ath'P)t 2n (-1)"
-a I T ( Jsin(B x)sin(n y) *
®2m-1 o CS!°P B " 8
[F3(a)-F3(0)]
For computation of the errors of machine tools

refer to chapter 3, where a technique has been described

for evaluation of the errors as a function of

displacements, Essentially the method <calls for the

evaluation of displacements along two lines of interest.,

The slide essentially moves along these two lines. To
show that errors are predictable, as a function of
temperatures, it will be sufficient if we show that

displacements u,v and w are predictable. Also variation

of is of along a particular

only

errors interest

o ®w
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direction and this direction 1s the one along which
' motion takes place. For this particular problem, assume

that the direction of motion 1s the x axis, then 1f {t¢

can be shown that displacements along x (with y, z being
i held constant) can be predicted as a function of
temperatures it will be sufficient. This will be done
for one of the displacement u, since for v and w the

I same analysis will hold. u is defined to be

a ht k -a ht
t

1+v ] t j(2)
a a f["—(L+Qe )+ L u Je de
1-ve tO ax j=1

Now a term by term simplification will be <carried out.

u =

The first term L 1i1s defined in Equation (4.42).
Differentiating L with respect to x, integrating L with
i respect to t and noting that y 1s a constant yields the

following result (neglecting constants)

1 e-clt 1 B
- m
= +— | .
i KZZ[t <1 ]Clcos(Bmx) (4.43)
mn
: 2
ZBm e-pt
-a I cos(B x)[F,(b)-F,(0) J]7————
tm 2n-1 n ) n 4 4 (cl=p)p
m 28m e Pt
+a, I I (=1)" g—cos(B x) [Fy(b)-F,(0)ITq575
m2n-1 n SREDENENE
-pt ST
-a_ I I2n_cos(B8 x)[F,(a)-F (0)]——3:——‘ T
Y2m-1 o ® a : : (cl-p)p :TH
-pt L
-1)"? - - [ ] [ J
i ta, I L(=1)" 2n cos(B x)[F,(a) FB(O)J(cl-p)p ERCASAERE)
. 2m-! n L
In Equation (4.463), Fl‘(b)e-p and similar terms
represent the corner temperatures. It is also known

that
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2 4
(BmX) (Bmx)
COS(BmX) = ] - 2 + 24 R (4044)

{

e

«

Substituting the Equation (4.44) in (4.43), it 1is seen

- t
. aL
e that f;; can be represented as a function of the corner
- 0
temperatures and the heat source point. Carrying out the
same analysis on all six plates that make up a box, it
willl be seen that temperatures of all 8 <corner points
I will be required. To <carry out the process of
monitoring temperatures, it will be necessary to place
thermocouples at the <corner points as well as on the
i heat source points.
The second term Q 1s known to be
v = 2§(x~ S(y-
i - Q X ( xl) (y y])
. The solution of this equation will contain terms of the
) form 6(x-x1),6(y-y1) and polynominals of x and y.
] 2(k)
" The last term u , 1s the contribution of the
isothermal part of the problem. The isothermal problem
: is defined by Equations (4.23). By assuming a potential
) of the form
99
Y ax
e
) M 3y
3¢
v 9z

the {sothermal problem reduces to

| 293¢
» — =
. e 0 (4.45)
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dy
vz.a_t = 0
dz

An approximate solution to the problem is given as

2 2 2
¢ = ax +by +cz +dxy+fyz+gzx (4.46)
This solution will satisfy the isothermal problemn, and
the boundary conditions (4.26) will help determine the

constants of the Equation (4.46). u is evaluated to be

u = 2 ax+dy+gz (4.47)
since u is required only as variable in x (y,z being

constants), the Equation (4.47) will reduce to

u = 2 ax+k (4.48)

In Equation (4.48), k is some constant. It should be

noted that the 1isothermal problem is mainly concerned
with inclusion of boundary conditions. It 1s known from
Saint-Venant”s principle, that these influences will be
local and so they can be neglected without significantly

affecting dispacements and stresses at far away points.

Adding the three terms of the Equation (4.30), it
is evident that the displacements can be represented as
linear function of the temperatures. A typical function

is given below, Equation (4.49)

u = a + b ZTi + c¢x ZTi..... (4.49)
In the Equation (4.49), the terms a, b,ce..., are to be

determined from simple regression equations, while the
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Ti terms are the temperatures measured at the corners
and at the heat sources. Due to the existence of such
simple regression equations, it fs possible to predict

errors as a function of temperatures. An objectives of

chapter 3 is to show that such regression equations

exist based on numerically computed results. Chapter 5

presents experimental evidence to show that expressions

BROCE A

.
1,0y
-

like Equation (4.49) can be obtained for complex machine

tools.

4,3 Heat Conduction 1 a Cube

The problem 1s to solve the heat conduction
equation 1in a cube made of thin plates. Figure (4.3)
shows the cube and the conventions used. The cube 1is
assumed to be in a medium at zero degrees. Define the

following, Figure (4.3)

Tl 0 = Temperature at x = 0 plane
b}
Tl = Temperature at x = a plane
,a
T2 0 = Temperature at y = 0 plane
’
T = Temperature at y = a plane
2,b
8 T = Temperature at z = 0 plane
: 3,0
o T = Temperature at z = a plane
- 3,c
g The problem to be solved i1s defined as follows
g 2 2
3 T 3 T aT
. 1,0 1,0 1 1,0
> + -8 Tl 0 ,.u__——-———at (4.50)
- dy 9z ’ t
.
J
e T e e e e o Ol U S e e e ,
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N
N
< 2l a°T aT
~ l,a + 28 _ 8 T - 1 l,a

2 l,a a at
ay dz t

M 2 2
.': ] T2’0 . 9 szp . o1 aTZ’O

::. gx2 gzz 2,0 t ot

N
v ] TZ,b . 9 T2,b . L1 a'rz’b
- 7 ) 2,b T o T3t
. ox 9z t

- 2 2
; 3T3’°+8T3'°-sr .1 T30
- xl 2y 3,0 T &, 7ot
2
o T 32'1‘ oT
" 3,c + 3,c _ B T 1 3,

- ax2 ayZ 3,c ct at
h
B In Equations (4.50), B is E , where h 1s the heat
2 transfer coefficient and K is the thermal conductivity.

o. X

:. at, is p*cp' Where p 1is density and cp Is heat

‘g capacity. The boundary conditions are

-

) T 0 = T 4,
2 a 1,0( »2) 32,0(0.2) (4.51)
- T T
- _ 1,0 . 2,0
- 3y (0,2) P (0,2)

-~ T =

1,0(8’2) TZ,b(o’z)

- aT

R L,0a,2)

o 3y

2 3;2,0(8’2)
20,4

9. x

R T

L 2’b(a,Z)

9T

x - az’b(a.Z)

- x

- Tl’o(y,O)

T

~ 1,0

. 2z (y,0)
Tl’o(y,a)
oT

1,0

., az (y,a)
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0{X(a
0<Y<a
0¢(Z<a

Ty, 0(y,2)
Ty1,a(y,2)
T2,0(x,2)
Tz,b(x,z)
T3,0(x,y)
T3, c(x,y)

4.3

Temp.
Temp.
Temp.
Temp.
Temp.
Temp.

on

on

on

on

on

on

plane

plane
Plane
plane

plane

plane

Conventions On Cube
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5:: T3.0(.0y) - Tl’a(yio)
T oT
. 3:00a,y) = —2t2(y,0) ety Ao
. ax 9z o .-:-:.)‘ ,:'
o T, (a,y) =T,  (y,a) RS
- 3,c 1,a AT
S aT aT DN NI
5 3,c 1 03
o - ———(a,y) =~ ————(y,a) S A Y
ax oz ! ‘
e
: T2,0(x’0) - T3’0(x,0) 3&?&5&
. Ty,0 °T3,0 e
- —t=(x,0) = —(x,0) A
] 9 t"—.": ):: -
T, 02 = Ty (x0) .;:}55#
» ]
. 3'1' 3T AL L (N
y 2,0 3,c AR 1.
. 2 - 2 s at
- 5z @) 3y (%0 ﬁ?tﬁiz.
. Ta’o(x,a) = Tz’b(x,o) :-‘:.n‘-‘."‘;-;
T 0 3T2 b .
= '53 (x,a) = —57=(x,0) o Gz
E; T3.c(x,a) = Tz,b(x,a) he
" 3T oT
-7 -~ 3,c¢c 2,b
- - 2t —t2 2
- 3y (x,a) = 3z (x,a)
jx To simplify the problem, the B term in Equations
e

(4.50) 1is factorized out by the substitution

a Bt
i L =Te °© (4.52)
Using Equation (4.52), in Equation (4.50), 1t 18 seen
- that Equation (4.50), reduces to
32L 32L aL
1,0 1,0 1°71,0
3 + 3 e v (4.53)
dy 9z t
321. 32L aL
l,a l,a _ 1 '1,a
- 2 2 a odt e AN
z 3y 3z t RSN
- %L 2l aL oo
2,0 2,0 _ _1°72,0 NS
o gt e GOSN
2 P Lan, Yo o %o
2 2 a dt
Ix 9z t
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3,c _ 13L3,c

ax2 ayff at it

The boundary conditions defined by Equations

remain the same, but the term T is replaced by L.

The problem defined by Equations

represented in the form of an operator as

(4.51),

(4.53), is

2,2 |
ST 2T T2 0 0
dy dz
2 2
0 = 0 S 0 (4.54) &
2 2 n
dz 9x N
NG
2?2 22 -
0 0 - - 3 .-
9 X dy

The domain of the operator is

D(0) = All functions satisfying
boundary conditions (4.51)
also
0 = (0,0(0)] (4.55)
The under bar is used in Equation (4.55), to indicate

that it is a vector. The temperatures are writ

the form of a matrix as

|

\LI,O L a
L= \Lz,o L2,b|

(%3,0 U3,¢]

The whole problem is conveniently defined as

R X SR P AT IAE AL R

-7 et e . - - - - . .~ . - -
O T R A T A A I T T TR T et et N Tt
PR TPV R YWY PV P WV TR VAP TTN T G T, T T VAP WY

ten in

(4.56)
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E = -O E (“057)

(- %)
[a]

t
Equation (4.57) is written as

o

L
at

<L, U> = =< 0L, U> (4.58)

[-*4

t
The at term is absorbed into time and 1is written as
T = a t Now the Equation (4.58), is written as
2
T
Equation (4.59) is simplified to give

<L, U>=-<O0L, U> (4.59)

]
oL U> = sA <L, U

The above Equation is possible because
<0 L,U> = <L,0U> = A<L,U>
The inner product for the operator 0 is written as

aa
U , V> = U V. +U v dydz+ (4.60)
-’ = éél 1,0 1,0 1,a l,a] y

U v ]Jdxdz+

aa
U \') +
éé[ 2,0 2,0 2,b 2,0

aa
U Y +U v dxd
({({[ 3,073,0%03, V3, 94Xy

In Equations (4.60), U, V are eigen functions. The

operator O is self adjoint because [47],

<K0U " ¥=<u" oW (4.61)
To show that the Equation (4.61) 1is true, boundary
conditions (4.51) are required. Also in Equation (4.61),

the term <O U * V> 1s defined 1in terms of the 1inner

product as
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aa 32Ul 0 3201 0
[] = [—5t——73"=1V, ,dydz (4.62)
00 dy 9z :
azu1 . azul .
- 23, Ly ¢
[ ayz 32 ]Vl,adydz
aa 32U2 0 32U2 0
+ [[ -1 Lt =]V, _dxdz
00 ax2 822 2,0
2 2
9 U I U
- 1 §’b+ %Lblvz’bdxdz
ax 9z
2 2
aa ] U3 0 ] U3 0
+ fj - 2t 2]V dxdy
00 ax2 8y2 3,0
2 2
9 U3 c 9 U3 c
- 2+ 3
[ ax2 ayz ]V3’cdxdy

A good overview of linear operator theory as applied to
heat and mass transfer 1is provided in [47]. Applying

separation of variables, and defining the following

- 2 4.63
Y10 7 Y1,0%1,0 (4:63)

2,0 = X2,0%2,0

3,0 - %3,0%3,0

U = Z
1,a Yl,a l,a

X Z
2,b 2,b 2,b

U =
3,0 - %3,¢%3,¢

The boundary conditions in the separated form is written

as

Y 0)z = X 0)z 464
1,0( ) 1,0 2,0( ) 2,0 ( )

=Y 00002 g = X 5 (002, ¢

Y O(a)Zl X b(O)Z

, 0 2, 2,b

o X, 0z,

!
-
o
—~
©
N
N
—
L}

s b

F\'\ 'ﬁ"."','.]. o T A
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S e .. g AR e et e e e e e,
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x3,cY 3,c(a) -

In Equations (4.64), the prime indicates

differenttation., From Equations (4.64), it is apparent

that
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et Ata et atiats tatata Yat T G e e e e et e I

YA
1,0 - Z 1,a -
21,0 21,y Zo,b Z2.p
But it is also known that [47]

ou = X U

Substituting the Equation (4.65), in

that

Equations (4.67),

indicate

leads to the conclusion that

A = 2u2

2
that u =

The assumed solution 1Is written out as

a
Xz,o =t 2,0

X = £ cos(ux)

a
2,b

X = g? (ux)
3,0 3,Ocos ux

)(3’C = Ea3‘ccos(ux)

a
Y =
1,0 0 M1,0

a
Y],a n 1,a

cos(uy)

cos{uy)

Y -~ n® (uy)

3,0 = " 3,pc08L¥y
a

Y3,c n 3'ccos(uy)

Zl’0 = Cal’ocos(uz)
a

Z 4 l'acos(uz)

2 = 7 2,Oc:os(uz)

2 = Ca cos(uz)

2,b

cos(ux) + gb

+

+

+

<+

+

+

+

N R PR DL I IR

..... AT

2’Osin(ux)

b
13 z,bsin(ux)
Eb3’osin(ux)

Eb3’csin(ux)

b
n sin(uy)

1,0

b
n 1’asin(uy)

b

n 3'Osin(uy)
b

n 3,
b

14 l’Osin(uz)

i
5 n(ny)

b

C ],asin(uz)
b

4 2’osin(uz)
b

4 2.bsin(uz)

(4.66),

(4.66)

it is seen

(4.67)

This

(4.68)

(4.69)
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Also from the boundary conditions it is known that

1.0 _ (4.70)

NN
N
-

e
o ©
L}

cl

N
-

NN
N
o o
L}

c2
1,

NN
o

Z_Z_an:}
l,a

In Equation (4.70), ¢, c¢l, ¢2 and ¢3 are some constants.

Due to the conditions defined in Equation (4.64), it is

seen that

’ ? ? .
1,0 Z l,a _ 72,0 7 2,b 4.71)
b b b b z
1,0 “ 1,8 % 2,0 %o2,p
Similarly for x,y it is seen that
Tla na na na
b1,0 - bl,a - b3,0 - b3,c - k (4.72)
y
"1,0 "1,a "3,0 "3,
a a a a
2,0 _ %2 f3,0_ %3,
b b b b z
52,0 S a2,b 83,0 &3¢

Due to the simplification offered by Equations (4.71)

and(4.72), the assumed solution is written out as

o
]

4.
1.0 Kl’o(cos(uy) (4.73)

+kys1n(uy))(cos(uz)+kzsin(uz))

(=]
[ ]

K (cos(uy)+k sin(uy))(cos(uz)+k sin(uz))
l,a l,a y z

2,0 Kz’o(cos(ux)+kxsin(ux))(cos(uz)+kzsin(uz))

U = K (cog(ux)+k sin(ux))(cos(uz)+k sin(uz))
2,b 2,b x z

U3,O = K3,O(cos(ux)+kxsin(ux))(cos(uy)+kysin(uy))

[
]

@l f o
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U = K (cos(ux)+k sin(ux))(cos(ny)+k sin(uy))
~ 3,c 3,c¢c X y

In Equations (4.,73), the terms KI,O’ Kl,a .K3,0.

K are coanstants to be determined.

K and K
1,a’ 2,b 3,c
Using boundary conditions, it is seen that the eilgen

values are

nw

sin(ua) = 0 ie u = ;—;n 2 0,1,2,0000e0 (4.74)
The constants are
K = K = K = 1 4.75
1,0 2,0 3,0 ( )
and
n
= = K = -1
Kl,a K2,b 3,c ( )

It is also seen that another solution exists, for

A = 0., This solution is obtained by solving

U = g + a + a z + a yz (4.76)
1 27 3 4

U = a + a + a_z + a yz
1,a 5 67 7 g’

= + + +
Upo ™ 39 * 3jp% T 2% T 3%

= + + +
Upop ™ 813 T 21" T 357 T Fe™

= + +
Uy o ™ 217 % 218% 7 2197 T 2207

= +
Us,c ™ @21 * 222% 23

In Equations (4.76), the terms al,az..... are constants

to be determined. Application of boundary conditions

shows

a. = a_ = a_ = a = a = a (4.77)
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The normalizing constant 1s calculated as [47]) :

For the constant term, the normalizing constant 1is

aa aa aa
N = [[dydz + [[dydz + [[dxdz (4.78)
00 00 00

+

O—0

a aa aa
Jdxdz + [[dxdy + [ [dxdy
0 00 00

For the cosine terms, it is
aa 2 2
N1 = [[cos“(uy)cos (uz)dydz (4.79)
00

aa 2 2
+ [[cos“(uy)cos(uz)dydz
00

aa 9 2
+ [[cos“(ux)cos“(uz)dxdz
00

a2 2 2
+ [[cos“(ux)cos“ (uz)dxdz
00

a8 2 2
+ [fecos (ux)cos” (uy)dxdy
00

aa

+ f]cosz(ux)cosz(uy)dxdy
00

The terms are evaluated to be

N = 632 (4.80)

and

2
NI = 6a /4 (4.81)

The solution is now written out as

c C —Zfatt
n
Ll,O =5t nfl NTcos(uy)cos(uz)e (4.82)
o0 C -21fu t
L - Sy I (-l)n—ﬂcos(uy)cos(uz)e t
l1,a N n=1 N1
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- c ® o -2fatt
'*’ L2,0 =5t nfl Nlcos(ux)cos(uz)e
c ™ C -ZJatt
L = — + I (—I) cos(ux)cos(uz)e
. Z,b N n=]
N = C_ -2Vt
l L3’0 =5t nf] ﬁTcos(ux)cos(uy)e
c © C -2u2a t
L = = 4+ I (-l) cos(ux)cos(uy)e
3,c N
n=1
The temperature is obtained in terms of T from Equations
i —atBt
(4.82), by simply mwmultiplying each of them by e .
The solution in terms of T is given as
-Batt
= - 40
] Tl,O Ne 2 (4.83)
L] C -(2y*+B)a t
t
+ I cos(uy)cos(uz)e
Nl
n=]
-Butt
i - Tl,a I T 2
w C -(2u+8)att
+ I (-nH" cos(uy)cos(uz)e
n=1
-Ba t
| Ta,0 ™ ®¢ .
© C -(2u+8)utt
+ I ——cos(ux)cos(uz)e
N1
n=1
-Batt
T2,b = Ne ,
© C -(2u+8)att
+ I (-1) ﬁTcos(ux)cos(uz)e
n=l
-Ba t
Ty 0 = w® ,
o C -(2u+s)att
+ I —Ecos(ux)cos(uy)e
N1
n=|
-Ba t
C t
T3,c N )
o c —(2u+8)att
+ I (-)" cos(ux)cos(uy)e
n=]
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Q: In Equations (4.83), the constants C and Cn have to
" be evaluated. These constants are obtained from the
% initial temperature conditions. Let the initial
N

E temperature condition, 10 be

Fl.0 Fl,al

(4.84)

|
I = in,o FZ,b‘
IF

3,0 F3,¢]
In Equations (4.84), the functions F are defined over

the respective regions of interest. The constant C 1is

evaluated as follows

aa
C = F + F dyd (4.85)
({(f)[ 1,0 ), gldvdz

/]
2 + [F + F Jdxdz
a i, o0 5y,
aa
+ F + F dxd
[]1 3,0 3, J4xdy
00
The constant Cl is obtained as

aa
cl = ff[F cos(uy)cos(pz) (4.86)
o0 19

‘ + Fl,a(-l)ncos(uy)cos(uz)]dydz

aa
+ jj[Fz Ocos(ux)cos(uz)

00 ’
! + F2 (-l)ncos(ux)cos(uz)]dxdz
[ ] » b

aa

+ []IF cos(ux)cos(uy)
3,0

00

; - + »3'c(-l)nc08(ux)c08(uy)]dxdy

All the above constants are calculated over the 1nner
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product. The calculation of the constants C and Cl are
written symbolically as <20,Ui>, where EO is the vector
denoting the initial temperature condition. To

incorporate heat sources, the constants C and Cl are

calculated from [47],

T
[£Q,U, >e dg (4.87)

In Equation (4.87), Q , is the representation of heat
sources in the body. This representation is similar to
the representation of the initial temperature field IO’
given in Equation (4.84). In Equation (4.87), the term £

is an integration constant.

The solution given in Equation (4.83) has
restrictions. The initial temperature conditions should
satisfy the boundary conditions (4.51). Arbitrary
initial conditions cannot be used. Heat sources have to
be located symmetrically on each plate. Also it is seen
that the solution <can be written out in a convenient

form as

c -Batt
T(x,y,z,t) = Ee + (4.88)
= C_ -(20+8)a ¢
z ETcos(ux)cos(uy)cos(uz)e
n=1

The representation as given 1in equation (4.88), is
possible because, cos(ui), i = x,y or z will be 2ero at
i = 0 and will be (-1)n at 1 = a, This <concludes the

thermal solution.
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4.4 Solution of Displacement in a Cube

The thermal field in a cube made of thin plates is
presented 1in equations (4.88). Let wu,v and w be the
displacements in the directions x,y and z. The boundary
conditions for the displacements equations are defined
at the 4 corner points on the base., This <condition |is

written out as (4.89) :

u =v =y = 0 (4.89)

at (0,0,0), (0,a,0), (a,0,0), (a,a,0)
The solution of the displacements problem is composed of
two parts. One 1s the direct solution of the thermal
problem and the other is the solution of the 1isothermal

problem with the boundary conditions suitably modified.

For the problem on hand, 1t 1is seen that the
moments generated on each plate will be z2ero. Moments

are calculated by [7],

h
Moment = | Tzdz (4.90)
=h

In equation (4.90), h is the thickness and T 1s the
temperature distribution. Evaluation of moments for T
(given by Equation (4.88), indicates that the they are
Zero. Such situations exist for symmetric 1loading
conditions [7]). Under symmetric loading conditions the
main displacements will be inplane and the curvature of

the plate will be zero (71. Solution of the

LY
ER

- e ROCS

et \-.-,'.-.~.-.'.‘.'-".'.-.-.-.'.'.'.-.'._'

. - .
P S, S e, - -~ o i .

fe e e ta % T e L w T, AN - PR " - ey DNy 3

"'L'J.Esz“-.l.A\_l—R.P‘L -AA*J.L-AJ.IJ.QAA.;_:.A..A.-_'.“.AAM-‘A_. ._-‘Ls._.




———w
MAEAE]

R,
‘atAX, g

AT AT A TR TAT AN AT AT A AN VY W W N W T R T T T R T S T . S W m L R I VT

r
[

a® st n A 0 - ~ - - .
P R .
- - -t % E RN R R Y - . -
MY IR YV IRN W HR

107

thermoelastic potential is presented in equation (4.20).

For the inplane stress problem, the equation (4.20) will

1 + v
hold, but the term El = v; will be replaced by (1 + v).

Equation (4.20) for a source free distribution in terms

of T, 1s
t
V= (1 +Vv) aa [T )dt (4.91)
eto

Substituting equation (4.88), in equation (4.91), it is

seen that the potential is written as (4.92) :

t c —Butt
= (1 + V) aa [ e de + (4.92)
e tO N
© C -(zf+8)utt
z 2 cos(ux)cos(uy)cos(uz)e dt

n=1 Nl

Without considering edge equilibrium conditions, the

displacements are given by

Q
<

=
]

(4.92)

€ <
] ]
Iwwlww
< < e X

Q
N

Also for the isothermal problem, it 1Is seen that
the displacements at the four corner points of interest
are satisfied. This completes solution of the
displacement problem. It 1is seen that the solutions
obtained are very restrictive and much more work has to
be done to model heat flow and associated displacement

problems in non cubic box type structures.
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CHAPTER 5. EXPERIMENTAL WORK

5.1 General

This chapter is primarily concerned with
experimental work. The type of experiments conducted,
results obtained as well as the comparison of
experimental and numerical work will be discussed in
this chapter. Essentially a numerically controlled
machine tool 1is taken as a test machine. The machine
used for experimental work resembles the one shown 1in
Figure 1.2. The idea is to see if the theory built up
till now will hold under experimental conditions. The
main intention of the experimental work is to see if
thermal effects on the accuracy of machine tools can be
predicted by monitoring the temperature of a few points
located on the machine tool. Errors of interest are the
geometric and kinematic errors of each of the axes of
the machine tool. Of the errors studied, three are
linear and three are angular. In all eighteen errors
have been measured and studied. At the onset it should
be mentioned that the straightness errors as measured
are different from errors that are computed by the

methods of Chapter 3. In Chapter 3, computed errors are
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- not corrected for slope. Slope is the angle associated
with the error. It is a measure of the rate of change
in error with position., Measured errors on the other
hand, are presented without this slope component. This
is in accordance with the recommendations of [52]. 1t
is also apparent that this slope is a measure of non
orthogonality. In fact squareness error is measured
based on the difference of the slopes of two

perpendicular axis [52].

Broadly speaking, the chapter 1is split 1into two
parts, the first 1is concerned with the measurement of

machine errors and the other is comparison of numerical

and experimental work. Finite element methods are used
here again. The prime motivation 1is to see if
experimental results can be duplicated with simple
numerical techniques. An excellent review of testing the
accuracy of numerically controlled machine tools is
o presented in [45]. For thermal effects on machine tool
- accuracy, Mc Clure”s thesis [20] is an outstanding piece

of work.

5.2 Equipment Used for Measurement of Machine Tool

Errors

All experiments are designed to measure the effect
of temperature on machine tool errors. A plan of the

experimental setup for the measurement of thermal
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effects on the accuracy of a machine tool is shown in

Figure 5.1. The instrumentation used 1is divided into

two parts.

l. Measurement of temperature

2. Measurement of Errors.

It is known that heat sources are classified 1into two
types, external heat sources and internal heat sources.
The envirorment is probably the largest external heat
source. The machine is in large room and is not exposed
to direct sunlight. Unfortunately the room has no
facilities for control of room temperature and this has
mixed blessings. On one hand, the eanvironment 1is
representative of what can be expected in a typical FMS
(flexible manufacturing system) and so measured errors
are 1indicative of what can be expected for typical
situations. On the other hand, there are no easy
techniques to separate the effect of 1internal heat
sources and external heat sources. The temperature of
the room 1s measured by placing four thermometers at
four locations around the machine. Resolution of the
thermometers is one degree Centigrade. Based on
experimental evidence, it was found that the variation

in room temperature over time was about one degree

Centigrade.
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Internal heat sources are motors, pumps, heat
generated by friction (due to motion) etc. Thermocouples
are used for measurement of temperatures 1induced by
internal heat gources.

Copper constantan type

thermocouples are used. The range of temperatures
expected from machine tool activity falls well into the
range of linear performance of the copper <constantan
thermocouple. Thermocouples used are of the shielded
variety., Shielded thermocouples are used to <cut down
external noise. Noise may be an issue because some of
the thermocouple leads are as long as 40 meters.
Measurement of thermocouple voltage is performed by a
Hewlett Packard data acquisition system (3497 A). The
system measures voltages using a digital voltmeter and
it has a twenty channel relay multiplexer assembly. The
multiplexer assembly has an isothermal reference block.
The isothermal reference block permits the ©possibility
of wusing different types of thermocouples 1n a single
multiplexer assembly. Measured voltages are converted to

temperatures by a program that resides in the mini

computer shown in Figure 5.1.

Temperatures of fifty five points on the machine
are measured wusing thermocouples. Location of these
measured points are shown in Appendix 2, Figures A2.1,

A2.2 and A2.3. Tables A2.1, A2.2 and A2.3 in Appendix 2

relate the location of each thermocouple to a specific
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point on the machine tool. From Tables A2.1, A2.2 and
A2.3, 1t 1is seen that each heat source has a
thermocouple placed on it. Remaining thermocouples are

distributed almost evenly on the machine. The

thermocouples are glued to the machine by high
temperature epoxy. The epoxy holds the thermocouple
bead to the machine ¢tool and has very high thermal
' conductivity. The other approach 1is to embed the
thermocouple bead in a hole. The second approach should

offer higher accuracy because the bead is less exposed

T W "

to the environment. The standard limits of error for
f: the copper constantan thermocouple (type T) 1is +/- 1 g )
‘5 degree Centigrade, based on manufacturer”s reports. The : 3
i-— data acquisition system accuracy, based on manufacture”s
; reports is better than half a degree Centigrade. A hand
i held digital thermometer has been wused to check the
I accuracy of the data acquisition system.

Errors of interest are measured wusing a Hewlett .

Packard laser measurement system and an electronic level
from Federal Products. The laser measurement system ?7~f“-—ﬂ
consists of a helium-neon gas laser and additional
optics for the measurement of individual error
components. The optics used depend on the type of error
in question. For example, remote interferometer, corner

cubes and reflectors are required for measurement of

- positioning errors. A detailed 1listing of additional
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accessories required is available in the Hewlett Packard
Laser manuals [52]. The laser system 1is capable of
measuring better than 0.5 parts per million. This value
compares favorably with the best physical standards
available and is certainly acceptable for machine tool
calibration [41]. Due to variations in the environment
and due to random vibrations, it is expected that the
accuracy of the laser system will be of the order of 1
micron or better. For measurement of angular errors the

laser system has a resolution of one tenth of an arc

second.

Laser wavelengtn depends on the environment and so
suitable compensation H necessary, Correction for
variations in envircunmenta. conditlions is achjeved by

using an automatic .ompersdation device, The device has

sensors for measurement ot amblent conditions, The
conditions f Interest are raoom temperature, barometric
pressure and relative humidftv. The process of

compensation is automatic. The automatic compensation
svstem also has sensors tor measuring the temperature of
the machine being calibrated. Using measured
temperatures, the <compensation system corrects for
expansion or contraction of the machine. In all the
experiments, compensation fur machine expansion has not
been included. The reason for not doing this 1is to

establish a reference temperature. In the absence of
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compensation for machine expansion, the laser assumes
that the machine is at 20 degrees Centigrade. This is
relevant because automatically a reference temperature
is setup. Also it is known that the temperature field
is three dimensional and so it is not possible to
correct for expansions or contractions caused by a three
dimensional thermal field based on 3 or 4 temperature

readings.

Measurement of roll is not possible using a laser
system. It 1is accomplished using an electronic level.
The level used is from Federal Products. Two levels are
used in a differential mode. A differential mode 1is
adopted to cancel out the effect of vibrations. The
level has a repetition accuracy of better than half an
arc second. The resolution of the electronic 1level 1is
half an arc second. Here again while performing the
experiments, the lowest resolution is not wused due to
external noise. The estimated accuracy of the level is

about 1 arc second.

Figure 5.1, shows a schematic of the experimental
setup. The experimental setup 1is controlled by a
Hewlett Packard 9816 mini computer. The computer is
interfaced to the data acquisition system by a HP-IB
cable. The 9816 1is connected to the display of the laser
by a BCD interface. Collection of temperature data {is

independent of laser data. The 9816 has the capability
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for wup-loading data collected in a experiment to a Vax

11/780 for the purpose of further analysis. Collection

of roll errors and room temperature data 1is manual.

5.3 Experimental Conditions

The test system has three basic features [45]:

1. It 1s a non-machining system of tests which can be

called "tracing of a universal master part".
g P

2. It assumes that individual sources of error and
their effects can be, to a reasonable extent,

isolated and systematically combined.

3. The tests are formulated from a user”s point of

view and not from a builder”s point of view.

Each of the above features need to be explained.
Broadly speaking, testing of machine tools can be split
into two classes. They are cutting tests and geometric
tests [20]. Both tests provide information but neither
are conclusive by themselves. It 1s not possible to
include all types of conditions in cutting tests and so
generally it is very difficult to wuse such tests for
identification of error sources. Further cutting tests
depend on cutting conditions and fixturing methods and
these effects are related to the size and shape of

workplece. Hence it 1s very difficult to assess what can

be optimally achieved [45].
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In support of geometric tests, it must be said that
they provide information on the sources of error within
the machine but are not 1indicative of the type of
process present while cutting. Geometric tests however
provide indications on the tolerances that can be
achieved by machine tools. From geometric tests, the
user knows 1if a particular machine will meet a <certain
tolerance or not [20]. Besides this distinction, it is
important to keep in mind the type of conditions wunder
which the machine would be required to meet specified
tolerances. For example in precision machining (the type
under study here), it is known that cutting forces will
be almost negligible. This is because precision
machining 1s generally done at high speeds and low
feeds. Under conditions of high speed and 1low feed,
cutting forces are generally low and heat generated in

the cutting process is taken out by the chip.

In feature 2, it is desirable to know 1if individual
effects <can be separated and subsequently superimposed.
The main question 1s, how many of the effects are
statistical and how many can be explained using existing
knowledge [45). Of the errors that are under study
here, it 1is known that all of them have both statistical
components and systematic components. The
identification of the systematic components is important

for software <compensation [45]. Based on past

T e - - . LR K K T ettt e e e T CLte e T .
P B, AL S SN WL S S W WL S AT SR S ol I PR WA O o S L S PG




A aie g SR SRR A g il R iat tafe ate’ps bte B BNl A ot Bk anaty bt A el 2.0 el a4 N 8 S N DR AL N R

118

experience it 1is known that the statistical components

are relatively small [45].

In feature 3, all tests are from a user”s point of
view and not from a builder”s point of view [45]). The

user has different requirements from the builder but

both of them are related in one form or the other. The
. whole test has to be conducted so as to <consider the
errors of the workpiece resulting from the errors of the

machine tool motions. To illustrate the distinction

?ﬁvvgv

j{ from a builder”s point of view, instead of checking

straightness of guideways, straightness of motion is

checked [45].

Geometric tests have to be <capable of measuring
effects due to spindle rotation. This is because it is
konown that heat is generated at spindle bearings, and

this has to be considered for evaluating thermal effects

on machine tool accuracy. However, the optics associated
:, with the laser system cannot be mounted in a rotating
spindle. To account for this additional heat, the
machine 1s heated by artificial heaters. The artificial

heaters are placed below the spindle bearings.

Broadly speaking, the approach wused here 1s to
split the machine into subsystems, each of which have
definite and measurable properties that relate to the

accuracy of the machine. The above approach has been

. SRR A P N T Lt e e “ T, .—'.__*.- et T e e T et L - - .
DR I T s R R i S S SR S RS NI I APV S S DTS A P S S S S . St S




LR P e N A AN adir A i oA P ARC - il i ainl s vl it ik ROCE G ol seet: e et vl aves mag ase

119

used by many people in the past [20]. For the machine
under study, the sub systems are the three axis of the
machine, x, y and =z, Figure 1.2. Each subsystem {is
composed of positioning elements and a slide way for the
purpose of positioning and guiding the slide. Associated
with the positioning elements is the positioning error,
while associated with the slide way are straightness
errors (horizontal and vertical) and angular errors

(pitch, roll and yaw).

The approach is illustrated in Figure 5.2. The
workspace of the machine is divided by 3 lines A, B and
C. These three lines are mutually perpendicular to one
an /other. Six errors are associated with each of these
lines. Three of them are angular and three of them are
linear. The objective is to measure each of these six
errors along all three lines, The table on the =z axis
of the machine 1is used as a reference surface for the
purpose of locating the three mutually perpendicular
axis A,B and C. All errors are measured with respect to
a single spot on the table. This spot is that corner of
the table closest to (0,0,0) of the machine, Figure 5.2.
All errors are measured with respect to a single point
on the machine tool table to reduce the possibility of
additional errors being introduced in the measurement.
Additional errors are possible due to lack of

straightness of the table 1tself.

F T e e e e e e e
B R A PR O AT

TN

TR

vron

e
o

s Tt YT
. .




br.lf-n.\nﬂvnvi- nvv 5.... EACIIN oo,

PRERAE LN &g PR ~

Tool [45]

2
i
.
'

LTSN
120

WA )

~

NS

Calibration of Machine

- —

e

Sariataday

VLSRR

5.2

2. %4

3

-t

Fig.

-

N

a’m  ala

ey

a

~w

.~

" asl




A i S ICEy- it bt it ad MMM N R DA g0l gl TR i et it bl Y et N e B,

121

Three factors are important while thermal accuracy

of machine tools are studied [20]). They are

1. The thermal environment

2. The affected structure

3. Operating procedure

The thermal environment is composed of all heat sources.
As explained earlier, heat sources are generally
classified into two types. One type 1is those heat
sources associated with the machine tool itself and the
other is heat sources associated with the room. It
should be realized that the room itself is probably the
largest heat source. Under ideal conditions, the machine
would be expected to work in an environment that is at
20 degrees Centigrade. Any change from this would cause
the machine”s <characteristics to change. While such a
requirement is ideal, it in generally not possible to

hold such conditions except with temperature controlled

rooms. For the experiments conducted, the machine is 1in

a room and the temperature of the room is monitored

using four accurate thermometers placed around the

g T T

machine. Because the machine is not exposed to sunlight
o and based on the experimental data collected, it is seen
E that the variation of room temperature (over time) is
; about one degree Centigrade. As explained wearlier,
EE ~— temperature of the machine 1is measured by placiag
"
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thermocouples on the structure of the machine.

The process of heating affects the structure which
causes the geometric error to change. The purpose of
each experiment is to evaluate the effect of change
caused by temperature. The operating procedure affects
the process of heating and so this 1is an important

factor to be considered.

Each of the eighteen experiments conducted 1lasted
for 10 to !4 hours. During this period, the machine is
sent through cycles of heating and cooling. The process
of heating and cooling causes the structure to change
and these changes present themselves as measurable
errors. Each error 1s measured at as many points as
permissible, because the optics take up space. Also, it
is not advisable to measure near the end points of
travel, Simultaneously thermal readings are taken.
Typically each reading consists of a set of temperature

measurements and a set of error measurements. The error

readings are repeated at least six times at each point
of interest ( three times up and three time down). All
statilstical data is based on bidirectional error
: measurements. Bidirectional error measures include the

effect of hysteresis.,

During each experiment, once the laser is aligned,

it is not turned off. The reason for this is to measure
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the cumulative effect of temperature on error. As

explained, the laser has a temperature compensation

:'.- ‘s

system. Part of the temperature compensation system 1is

to measure the temperature of the body under study. For

all experiments, the material temperature compensation
is turned off. This is done to establish all errors with

respect to some temperature datum. The datum selected is

20 degrees Centigrade. This feature is preset in the
system. All errors are measured relative to some Ffif
specific point (fixed ©point). Each of these fixed

points are specified in Appendix 3, where experimental ‘

results are presented. It is known that both fixed point

e
o

and measured point move, and the objective 1is to

# T
N
1
.

.5

determine the relative displacement or rotation. The

}'o
1

N relative displacement or rotation is a mwmeasure of the
error. For further reference on the laser measurement

system please consult the appropriate Hewlett Packard

manuals., All experiments have been conducted as per

recommendations of [52].

5.3.1 Additional Sources of Experimental Error

0f the possible errors of measurement, temperature

l® errors have already been discussed. Errors of the laser
. system and the electronic level have also been

r‘ discussed. Other errors include vibrations present in

the machine. While performing a straightness test on

- the y axis, it was observed that the vertical
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stralghtness at any point on the axis fluctuated by
about 2 to 4 microns. The source of the vibrations was
established as the lubricant pump. The vibrations were
reduced by changing the length of the reflector holder.
It 1is also felt that the method of measuring
straightness, especially those associated with the
vertical axis is extremely complicated. Simpler methods
for measuring such errors need to be developed. Roll on
the vertical axis (the y axis) 1s a problem. The
electronic level cannot detect out of plame rotations on

a vertical axis accurately.

Fixturing the optics on the machine is a problem.
The fixturing should be such that it should prevent
rotations or displacements and at the same time 1t
should not scratch or harm the optical componeants 1in any
way. The ideal is make the optics an integral part of

the machine components being calibrated.

S.4 Experimental Results

Before experimental results can be presented, error
characteristics have to be disussed. A typical error
plot is shown in Figure 5.3. With regard to this error
plot, certain terms have to described. The terminology
described in this paragraph will be used through out the
discussion in sections 5.4 and 5.5. Drift is as shown

in Figure 5.3. The cause of drift not always clear,
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although 1t has on occasions been traceable to lack of
balance in the null-circuit of the machine systen.
Whatever the cause, the main effect has been to increase
the observed dispersion [12)}. Hysteresis (lost motion,

dead zone) is defined in terms of the difference between

e -.gv T
AN

the right and left approach means at any given point
[12]. Hysteresis is shown in Figure 5.4. Pitch errors
of the lead screw are directly related to the pitch of
the lead screw and these are prominent for short ranges.
Lead screw pitch error components are present only 1in

the case of positioning accuracy.

All experimental results are presented in Appendix

3. For the purpose of discussion, errors are classified

into two groups:

1. Positioning errors

2. All other errors
The reason for the above classification is apparent on
referring to Figures 5.5 and (5.6). Figure 5.5 shows the
standard deviation over time of a positioning error and
Figure 5.6 shows the same for one of the other errors.
1t 1s apparent from Figures 5.5,5.6 that the standard
deviations of the positioning errors vary dramatically.
All errors, other than the positioning error exhibit
small variation of standard deviations. Standard

deviations of all errors are presented in Appendix 3.
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S.4.1 Discussion on Positioning Errors

Positioning errors are a result of motion of the
slide on a lead screw. The positioning error is caused
by a misused concept of metrology. The idea of wusing a
screw to measure as well as to clamp 1is against all
principles of metrology. However {1t 1is an accepted
practice among machine tool manufacturers to use a
single lead screw for multi purpose activities. This
situation does not exist in lathes where a separate

screw 1s used for thread cutting.

From experimental data, it 1s seen that positioning
errors are very prominent errors in terms of magnitudes
and the effect of temperature on these errors 1is very
high. Positioning werrors of all three axis x, y and z
show identical characteristics, namely large standard
deviations. This characteristic makes 1t impossible to
predict this error by the use of statistical techniques

of chapters 3 and 4. The reason for this characteristic

is due to an extremely active heat source assoclated
with the nut on the lead screw. The problem is all the
more complicated because the heat source moves. Some
work has been done on the prediction of positioning
errors [44]. The approach taken in [44], is to model the
system using moving heat source principles. Operating
characteristics are also a part of the prediction

process. Bearing preloads are also considered in the
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analysis of the lead screw of the machine.

It 1s felt that there are quite a few alternatives
. to solving the problem of positioning errors. One
. solution is to develop theoretical models as discussed
; in [44]. Although this approach is feasible, boundary
conditions are a problem and accurate determination of

heat transfer coefficients will be difficult.

A different idea is to use an external measure for

the evaluation of this error. This technique has been

) proposed in [46]. The idea 1is to mount accurate scales
on the machines and wuse these for measurement of the
positioning error. Other techniques are to use lasers as
i at Lawrence Livermore Laboratory (41}, Reports are
. available [43], where mention is made of an attempt to

B correct for thermally induced errors at Kerney and

‘ Trecker machine Tool Company.

An attempt has been made to predict thermally
induced errors in the lead screw. The results are based
) on measured values of error. It is known that

positioning errors have several <components. These

components are listed as

- 1. Periodic Error of the lead screw

- 2, Hysteresis Error of the lead screw
)
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3. Thermal Error of the lead screw

4. Scatter

It is known that for the machine wunder consideration,
the resolution 1s 0.000! inches (2.5 microns). Due to
this limitation it is not possible to position better
than the above said number. In the method proposed, the
cumulative average error is predicted based on a single
temperature value. The average error 1s the mean of the
bidirectional errors at a point on the axis. The
cumulative error is the sum of all the error components
listed above. The method 1is the simplest form of

prediction and makes use of the following equation.

Error = . * L * (T - 20) (5.1)
In Equation (5.1), o is the coefficient of thermal
expansion, L 1is the location of the point at which the
error is measured, and T is the temperature of the nut.
(T-20) 1is wused in Equation (5.1) due to the reference
temperature principle explained earlier. The prediction
capabilities of the Equation (5.1) is shown in Figures
5¢7,5.8,5.9. In all the following figures, test refers
to the test numbers of Appendix 3. In all the Figures
5.7,5.8,5.9, thermal drife has been corrected.
Correction of thermal drift is performed by setting the
value of the error at the zero scale position to zero

and making corresponding changes at all other points. It

1s seen that the prediction is quite good. It should be
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noted that the data in Figures 5.7,5.8,5.9, show the

prediction capabilities for later time periods. In the 732Y“$“§
\-h.'. = Y .‘ h.“ )
W= o -

initial time periods (near start up), the predictions do

not seem to be good.

Certain features need to be discussed here about
this method of prediction. The method is not capable of

predicting thermal drift., To predict drift, some other

external reference will be needed. Use of a tool
setting station is recommended for this purpose. An
alternative to a tool setting station will be a

metrology pallet as described 1in [53}]., A feature

necessary for prediction of this error is the building

of a duty cycle based model. The need for building a
duty c¢ycle model 1is because of the large standard
deviations associated with this error. It is seen that
in spite of the good prediction offered by Equation
(5.1) (on the mean), experimental results indicate that
the 1lead screw expands by as much as 2 microns on each
traverse, Experimental results to support this point
are shown 1in Table 5.1. Results in Table 5.1, are for
the y axis of the machine. The measurements are taken
only at the end points of the said axis and time between
readings is almost negligible. The speed used in this
experiment is 3000 wmm/min. It is seen that the error
increases by as much as 2 microns for each pass. The

error reduces by as much as 10 to 15 microns, 10 minutes
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Table 5.1 Expansion of Lead Screw (microns)
pass pos. at 0 mm pos at 484 mJ
1 21.36 88.30
2 20.75 89.42
3 | 20.51 90.28

P
4 ; 19.83 91.80
i
5 20.3 92.04
6 20.72 93,22
7 21.30 93,60
8 21.1 94,35
9 22,0 95,15
10 21.75 95.80
20 24,26 100.30

v

p "n "-' ’:",. y

v

v




..
L A T L
e,
PP I PO N

R A g
P I L LA
. PCIT N APPSR RE AP AR AP A '3"‘-

137

after the motion is stopped. This characteristic 1is
very disturbing and so there is a need to develop duty
cycle based models in addition to the prediction offered

by Equation (5.1).

54.2 Other Errors

The other errors are those associated with slide
ways. These errors are straightness errors and angular
errors. The method used for prediction of these errors
is a statistical one, similar to the one used in Chapter
3. Results of the statistical prediction capabilities
are shown in Figures 5.10,5.11,5.12. Figures
5.10,5.11,5.12 show that the errors are predictable. All
the Figures 5.10,5.,11,5,12 are predicted against
measured values. All comparisons are for test set 5 of
each error except y axis vertical straightness. For y
axls vertical straightness, the comparison is done for
test set 6, Please refer to Appendix 3 for experimental
data. Also it should be noted that the data wused to
compare regression results with actual results has not
been wused 1in the determination of the regression
equation. The predictions are on the mean and to get the
actual values, constant offsets are to be used based on

hysteresis. Exerimental results show that the hysteresis
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s relatively constant over time. It should also be
noticed that some of the errors are relatively constant.
The effect of temperature on these few errors is small.
This feature 1s typical of werrors in the 2 axis.
Thermal effects are lower because there 1is only one heat
source on the z axis. Hence some of the errors are less

affected.

0f interest is to determine how errors in the
workspace of the machine reduce due to prediction by
regression equations. To determine this, the techniques
developed 1in Chapter 3 are used again. Measured values
of errors are combined in the workspace of the machine
and these are compared with values as obtained from the
regression equations. The difference between the two is
an 1ndication of the error. In case 1, the position
errors are not included. In case 2, the position errors
are 1included, with prediction of position error by
Equation (5.1). In case 2, thermal drift in not
considered for position error. The results of case | is
presented in Table (5.2). Table (5.3), shows the error
as predicted by using regression functions. Table
(5.4), shows the volumetric error with position error
considered. Table (5.5) shows the same error as Table
(5.3), but the position error 1is predicted by using

Equation (5.1). It should also be mentioned that values

computed for the (0,0,0) point do not have any error
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components., This is because it 1is not possible to
measure any error at this point. Figure 5.13, shows the
results. Table 5.6 shows the tests (refer Appendix 3)
of individual error components used to determine the

workspace error.

The experiments conducted prove without a doubt

that thermal effects on eighteen errors of a particular

machine tools <can be predicted by using simple
regression equations. This conclusion should hold for
all machine tools of the same class (at least). This

does not conclude the work needed in the area of thermal
effects on machine tools. Much more work has to be done
especlially on squareness errors between the three axis.
Squareness errors and errors of parallelism were not
measured. It 1is suspected that simple regression
equations can be obtained for prediction of squareness

errors and errors of parallelism.

5.5 Prediction by Numerical Methods

A statigstical method for the prediction of errors
has been presented in the last section. The problem
assocliated with statistical methods is that the
prediction 1s valid only within the observed ranges of
the independent variables (in this case temperature). In
order to obtain reliable results one would have to

perform experiments over a very wide range of

-
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+ Actual x Computed

Case 2

T = 0 MIN

- Pig. 5.13 Volyuwetric Error,

Actual vs Computed
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: Table 5.2 Error of Work Space, Experimental
' Work, No Lead Screw Errors
g X posS y pos z pos err x err y err z
' 0. | 0. 0. 0. 0. 0.

0. 0. 66.00 41,34 ~-154.74 0.
" 0. 66.00 0. 40.88 0. 155.43
0. 66,00 66.00 74,60 -174.78 180.38
66.00 0. Oo 0. -1-23 47.28
]

. 66.00 0. 66.00 -13.37 -136.74 58.57
P 66.00 | 66,00 | 0. 32.56 -4.63 191.10
a
-:t 66.00 66.00 66.00 11.57 -160.16 227.33
:j: .
)

)
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Table 5.3 Error of Work Space,
by kegression Equations No Lead Screw Errors
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Computed,

X pos

y pos

Zz pos

err x

err y

err z

0.

46.15

-120.63

66.00

45.02

O.

118.40

66.00

76.18

-140.10

141.24

66.00

0.95

49.20

66.00

-11.01

-101.06

55.24

66.00

66.00

33.47

0.95

163.97

66.00

66.00

66.00

-120.53

192.85
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Table 5.4 Error of Work Space, Experimental
Work, Lead Screw Error is Considered

X pos y pos z pos err x err vy err z

0. 0. 0. 0. 0. 0.
0. 0. 66.00 |41.34 | =154.74 | 108.29
0. 66.00 |O0. 40.88 | 68.11 155.43
0.66 | 0. 66.00 |74.60 |=-106.67 | 288.67
66.00 |0.  |o. 64.49 | -1.23 | 47.28 |
66.00 0. 66.00 |51.12 |-136.74 | 166.86

- 66.00 |66.00 |0. 97.05 63.48 191.10)
66.00 |66.00 [66.00 [76.06 |-92.05 335.62

L T T T T e T T e e T T e T T T T e T et e AT T
ettt oot abhal o in ot alatakealalal PP T AL Y S YR TPV T




ORI o A NS B AN ML A S S A A A A A A IC Sl A A E A S & Al S A i il . Sub Andk dallAnd Sl ol tal Aol Mol Andk Mak Al Sado el Nl “ab i
A . Snd et Sl e A el .

147

T e Lo

F)
2

Table 5.5 Error of Work Space, Computed,
~ by Regression Equations, Lead Screw
Error is Considered

R
T

4

iy X pos y pos z pos err x err y err z

LA

i 0. 0. 0. 0. 0. 0.

0. 0. 66.00 46.15 -120.63 99.39

i 0 . 66.00 | 0. 45,02 84.41 118.40

0. 66.00 66.00 76.18 -55.69 240.63

66.00 0. 0. 8l1.56 0.95 49.20

66.00 0. 66.00 70.55 -101.06 154.63

66,00 66,00 0. 115.03 85.36 163.97

66.00 66.00 66.00 89.04 -36.12 292.24
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B Table 5.6 Error Components used Determine
Work Space Errors
Error x axis test y axis test z axis test
Position, 10 6 6
Vert. St. 5 6 5
Horz. St. 5 5 5
Pitch. 5 5 5
Roll. N 5 5 5
Yawe. 5 5 5
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conditions. To overcome this problem, a numerical
solution 1s proposed. The approach has been tested only

for the x and z axis.

The general approach for the numerical solution 1is
presented in Figure 5.14. The technique uses finite
elements to determine the temperature field of the
machine based on the temperatures of a few measured
points. The inputs to the finite element program are
the structure and the temperatures of the measured
points. The finite element program calculates the
temperature of the remalining nodal points. The
structure is the same as in Appendix 1, Figures Al.]l and
Al.2, The only difference 1is the thickness of the
structure., The present structure has a wall thickness
of 1.9 Centimeters (0.75 in). Internal plates are the
same as before., For the elasticity problem, SAP 5 is
used again. Instead of solid elements, all elements in

the present formulation are plate elements,

Error calculations from the distorted structure 1is

the same as was used before, in Chapter 3. Straightness
errors are corrected for slope, in a manner similar to
that done in the experimental work. As mentioned before
in Chapter 3, there are fundamental differences between

measured errors and calculated errorse. The basic
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difference is that in the <calculation sequence, all
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:: - errors are calculated with respect to a nice undistorted
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Measured
Temperature

Measured
Error

FEM for
Temperature

FEM for
Deformation

Error
Evaluator

Fig. 5.14 Prediction by Numerical Methods

Compare
Results
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specific point. This 1umediately <creates problems

because the relative displacement or rotation between
two points is measured as error. There are also problems
regarding built 1in errors of the machine. Without
experimental work, built 1in errors <can never be
determined. Built in errors are typically related to
the process used in the manufacture of the said machine.

They are also caused by improper assembly procedures.

In spite of the above problems, a model has been
developed and it will be presented. As explained before
the model 1is based on a finite element approach.
Machine tool inaccuracy is written out in a linear form

as follows:

[Total Error(i)] = [Built in Error]) (5.2)

+ [Thermal Error(i)]

The thermal error component of Equation (5.2) 1is given

. by

§

;z [Thermal Error(i)) = [Thermal Error(i-1)] (5.3)

"

t + Drift + [Some Component]

®

g In Equations (5.2,5.3), error is referred to as a ~ !
:2 vector. Vectors are distinguished by box brackets and O
; [Error], 1is wused 1in a generic sense to represent all

®

B errors other than the positicn error. Vector 1in this
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context means that assoclated with each point on the
axis of the machine tool, is a particular error value.
The set of error values corresponding to the whole axis
of the machine is [Error]. In the above equations, i,
refers to time. Essentially Equation (5.3) says that at
all points in time, error vectors are identical to one
an other but, they differ by drift, which 18 a scalar
and some other component. This additional component 1is
also a vector. [Built in Error)}, of Equation (5.2), is

also a vector,

The finite element approach is used to explain the
errors induced in machine tools. Estimation of angular
errors and straightness errors have been attempted by

the finite element approach. Let [E(i)], be the error

at time (1). [E(i)]), 1s a vector in the sense explained

AR
before. [E(i)] has a set of values which corresponds to Ay

.
alal et

.~ ,. ‘.":":.‘_J.

errors at specific points on the axis of the machine

SIS

tool. [E(1i)] has been evaluated at some state T(i).

s,

T(1i) is the temperatures measured by the thermocouples -

b - on the axis of the machine. Let [M(1)], be the measured
. value of error also at temperature T(i). Now built in
{ error of Equation (5.2) is obtainable as

FS. {Built in Error] = [E(1)]) - [M(1)] (5.4)
Drift as explained, is scalar and it can be removed
= easily. This 1is done by setting the error associated

F!_ ) with the zero scale position to 2zero and by making
=
b
-
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Errors as obtained from finite element methods are
compared to measured errors for the x and z axis. The y
axils is not studied because of the complex structure and
also because of the moving heat source (the spindle)
associated with this axis. On the z axis only two of
the errors show significant changes with temperature.
These are pitch and vertical straightness. So
comparisons have been made for only these two errors.
On the x axis, only three of the errors have been
compared., The three errors that have been compared show
appreciable change with position on the axis., On the x
axis, 1roll and horizontal straightness errors have not
been compared as they are relatively <constant for
variation 1in position. The reason for this will be

explained in the next few paragraphs.

Comparison of numerical and experimental results 1is

- done on a error by error basis. This is because thermal

fields are not exactly the same for any two different
- errors, The first step 1is to determine the built in
error vector based on a specific temperature using

- Equation (5.4). Having evaluated the built in error,

the errors are recomputed for a different thermal state.

To this new error vector, the built in errors are added.

-

The 8o computed error 1s corrected for drift and

. w

~— compared with corresponding experimental results. The
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experimental results are also corrected for drift.
Drift correction is done as it appears that the finite
element models used here are not capable of calculating

these values.

It has already been mentioned that the measured
errors are relative. With this in mind an attempt has
been made to compare numerical results with experimental
results. The error in question 1s the vertical
straightness of the z axis. Figure 5.15 provides an
indication of the process. Measured values of vertical
straightness errors are as plotted in Figure 5.16.
Figure 5.17 shows values as computed at the guideways,
no offsets have been included and the values are for the
same range of motion as the experimental values. It
appears that there is no correlation between the two.
The missing component 1is drift. Keeping in mind that
the laser is measuring the relative displacement between
two points, a measured point and a fixed point,
correction is necessary for numerically computed values.
The correction required 1is the displacement of the
fixed point. Displacement of the fixed point is

obtained by

Displacement = L * e * (room temp - 20) (5.5)
L in Equation (5.5) is length shown in Figure 5.15.
When corrections for displacement of the fixed point are

made it is seen that numerical and experimental errors
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are reasonably accurate for the computed cases, Figure

5.18. In Figure 5.18, the computed errors have also

A

been corrected for angular errors on the z axis, using

o -." v

LA A

.
v 'y

methods of Chapter 3. The offset calculation is given

.
Ay By by 4y

in Equation (5.6),

;f Vert.St., = Computed Vert. St. at guideway (5.6)
h + pitch * offset in z + Roll * offset in x
As roll is relatively constant in 2z, the roll component

is not included. Also it should be remembered that the

x offset in Equation (5.6), is <constant, it does not

change in the experiment.

The above method is relatively easy for
- straightness errors, but evaluation of rotations for the
fixed point is not easy. For example, in the case of =z

axis pitch error, the fixed point is on the spindle.

Rotations will occur only if there are thermal gradients
between the sides of the spindle and evaluation of fixed
point rotations will be very difficult. It 1is due to
such complications, that the finite element procedure
for evalwation of errors has not been extended. However
the comparison for numerically computed errors and
experimentally measured errors are presented in Figures
5.19,5.20,5.21,5.22., All errors are corrected for drift
and are shown for the same range as measurement. For
the x axis, it 1is seen that roll and horizontal

-~ straightness do not change with scale readings. Due to
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this reason, computations have not been performed for

these errors. -

Much more work has to done to westimate the exact
relationships between numerical and experimental work.
It is felt that the relationships may work out to be
relatively simple as 1n the case of the vertical

straightness of the z axis.

This concludes the work done. The next sections are

conclusions and ideas for future research.

5.6 Conclusions

Broadly speaking, thermal influences on machine
tool structures should be approached from two view
points. One deals with the design phase of the machine
and the other is concerned with the software
compensation process. The design phase deals with the
analysis of a new machine and techniques discussed in
Chapters 2 and 3 would form the basis of such an
analysis, Software compensation aspects are discussed
in Chapter 5. The two problems of design and software
compensation are 1interdependent. It 1s obvious that
good design will reduce the need for software
compen-~ation. Software compensation should be viewed as
a means of reducing thermal effects that cannot be

eliminated at the design phase and not as a remedy for

bad design.
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At the design phase, it is known that good design
will reduce the effect of thermal influences. An
example of good design is shown 1in Figure 5.23. In
Figure 5.23, the effect of nonsymmetric heat sources 1s
shown. The structure under consideration is the z axis
of the machine, shown in Figure Al.3. The heat source
is as shown in Figure Al.4. Figure 5.23 shows the
effect 30 minutes after the heating process begins. It
is now obvious that the location of the heat source is

extremely important and symmetry would be the deciding

ER RN}

.
i,
B
-
‘
.
.

.

factor. The ideal condition would be to take the heat
sources out of the machine. This would reduce the heat
input to the structure. Reduction of heat input
obviously will reduce the deformations. In this

context, cooling the lubricating oil is also importaant.

In terms of boundary conditions, based on numerical
computations, it was observed that fixing the base of

the machine rigidly would reduce the vertical

straightness error by as much as 10 to 15 microns.

3

v e
v

.

v

.
<L
.

Undoubtly fixing the base of the machine rigidly would

be impossible. However, it would be worthwhile to study
a; the effect of different types of foundations on the =
5, accuracy of machine tools. e
E: Regarding software compensation of machine tools,
:: it has conclusively been shown that thermal effects are
i - predictable. Chapter 4 provides the theoretical basis
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of software compensation. In Chapter 5, it is shown
conclusively that thermal effects on accuracy of machine
tools can be predicted. Based on experimental evidence,
it should be mentioned that the number of thermocouples

required for software compensation will be less than 55,

A
;,p

ok

*y
. .

the number used in experimental work. It is seen from

-

the regression equations presented in Appendix 3, that

Bl e 001
v N\

for the x axis, ten thermocouples are required. For the
y axis only six thermocouples are required and for the z

axis, on” seven.

Numerical prediction of thermal effects on machine
tools 1s a definite possibility. Based on the work
done, sufficient evidence exists to show that numerical
methods are capable of predicting thermal effects on
errors. In fact it is apparent that numerical methods
will be the suitable alternative to months of

calibration. Speed is a cause for concern while using

LI.

. .
a8y

numerical methods for on line prediction of errors.

v or v .

Computation time can be dramatically reduced if it 1s -

L 4

L‘ e _-" -

o recognized that the structure does not change. Under

such conditions, it will be sufficient if the decomposed
S L-U matrices of Crout”s algorithm be held in the memory
X
g of a computer. The problem now changes from one of
o
t} speed to one of storage.
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S.7 Recommendations for Further Research

This section outlines some of the areas that would

require further research.

Numerical solution of the y axis of the machine is

still a challenge. The problem 1is complex due to a

moving heat source (spindle bearing) and additional heat
sources on the column, It 1s possible that a
superposition approach can be attempted. The idea 1s to
model the <carrier and the column independently. Once
the displacement profiles are obtained, superposition of
the two, with a numerical simulation of rigid body

motion is feasible (similar to the method in Chapter 3).

As regards numerical methods, it is felt that a
simpler technique may be possible. Based on measured
temperature values, it may Le possible to fit simple
polynomials of x, y and =z for evaluating thermal
profiles based on the temperatures of a few points. The
reason for wusing simple 1lower order polynomials is
because it is known that almost 90 percent of the
machine 1s at room temperature., Only 10 percent reaches
temperature which are at most 20 to 30 degrees
Centigrade above room temperature. It is possible that
very simple polynomials will be sufficient. Using this
simplified polynomial thermal field, analytic solutions

can be attempted.
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Analytic solutions of the form attempted in Chapter
4 are very challenging. Very few solutions are
available for three dimensional problems. In the context

of machine tools, the problem 1is essentially three

dimensional. This 1is mainly due to non-symmetric
location of heat sources. The motivation for developing
analytic solutions is to see 1if it 1s possible to
!l control thermal displacements by using additional

heaters. The idea 1is very appealing and definitely

i deserves some thought.
ﬁ: On lead screw errors, correction techniques are
= available. Schemes based on scales or on lasers are

known. Actual implementation of such schemes are worth

while investigating.

Further experiments along the lines of Chapter 5

are required. Accuracy performance of the same machine

with a variety of environmental conditions is necessary.

Provision for room temperature control would be
, essential in this regard. Assuming that software
.- correction techniques have been installed, the problem
?> of determining the time Dbetween sampling temperatures
E‘ has to be studied. Is the criterion to based on time or

is it to be based on temperature ?

Ly

e

From an instrumentation point of view, development

e

of new equlipment is a necessity. It is obvious by now,
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that the key aspect to accuracy is good instrumentation.
Straightness errors can be measured, but the set up time
is long and complicated. Due to such problems newer and
simpler methods for measurement are necessary. In this
context, the metrology pallet concept 1is an extremely
.nteresting idea [53]., So is the possibility of using
lasers as tools kept in the tool chain for calibration
of the machine tool. It is felt at this point, besides
concentrating on errors along three axis of the machine
tool, measurement of the volumetric error would be a
good idea. Volumetric error measurement schemes even if
based on planar regions need further research. Thermal
effects are appreciable in the working volume of the
machine, so direct measurement wmethods wculd be very

useful.

In conclusion, the most 1important problem 1is,
having modeled the machine, how does one implement the

process of correcting errors ?
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Appendix 1

Al.]l Conditions for which Solutions

Have been Obtained

- z axis

onditions

Heat Source cals/min

~ Type

900 cals/node

Continuous

1200 cals/node

Continuous

500 cals/node

Continuous

1000 cals/node 0<t<75 min
(switched on|
and off at 15

min interval

8)

800 cals/node
(switched
and off at
min interval

75<t<360 min

on
15

*)

Z axis has 9

0. Condition 4 is used for check of regression

equation.

heat node points associated with it

o

.’
LA A

LV
r

¢ KA
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Table Al.2 Conditions for which Solutions
Have been Obtained - x y axis
Conditions Heat Source cals/min/node Type
are T Z 3 4 >
I 1000 350 TTTO 440 600 Continuous
Z T500 500 TZ00 800 T000 Continuous
3 500 100 700 200 300 Continuous|
4 750 200 1000 300 500 0<t <60 min|
(switched
on and off
at 15 min
intervals)
1000 500 1000 500 1000 t>60 min|
(switched
on and off
at 15 min
intervalsq

XY axis has the following number of heat nodes

with {1t

Source

1

2

0. Conditions

the y axis

Condition 4 has the spindle located located at

Number of nodes

8

4

18

lowest point on the y axis

attached

1-3 have spindle located half way along

the

Condition 4 is used for check of regression
equations.

-----
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Dimensions are
N in MMs.
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Fig., Al.2 Structure, y axis
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Y

Location of Temperature Points

x axis (Numerical)
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Location of Temperature Points,

y axis (Numerical)
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Regression Equations, Numerical Method

The regression equations are as shown.

Figures Al.5, Al.6 and Al.7 show temperature
points

In the equations that follow, errors are referred
erl,er2,er3,er4,er5 and erb.

erl refers to position error in x direction

er2 refers to straightness error in y direction
er3 refers to straightness error in z direction
er4 refers to pitch error

er5 refers to roll error

erb refers to yaw error.

Errors erl,er2 and er3 are computed according to
local coordinate systems shown in Figures Al.l,
Al.2 and Al.3.

equations are given in the following order
Equation for 0 < t < 60 mins

quation for t > 60 mins

For equations in the 0 < t < 60 mins range,

all temperatures are argumented by 1.

This is done to ensure no problems arise

in cases of temperatures which are zero.

Equations are marked with a *, it means that the
tion

is used to predict a constant value, because the
tion

to as

equa-~-

varia-

of that particular error over distance is negligible.
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X AX1S

The equations predict the value of the error
by le8.

erl = 0.16E9 log(T5+1)

0.79e10 log(T3+1)

8.9(x") log(T3+1)

40561182.0
358423.46(X)(T6)
65.1(x2)(T6%)

105.27 (x°)(18°%)
+ 289200.6 (X)(T5)
+ 0.1446e9
0.186e10 log(T10+1)

- 17672.6(X%) log(T2+1)

- 0.171e9

0.251e9 TI

+ 53971.5(x2)(13)

+ 44379242,0

1919408.2(X)

+ 0.62el0 log(Ti+1)

- 0.10e9(X) log(Tl+1)

+ 476472.1(X%) log(Tl+1)

- 3.9(x*) log(Tl+1) - 0.27e9

~14386836.0(X)

+ 0.77e10(T10)

- 50551674.0(X)(T3) + 0.1847¢10

= - 8.9(X)

multiplied
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- 19804.5 1log(T7+1)

&

+ 213.3(X) 1log(T7+1)

- 0.606(X2) log(T7+1) + 1705.5

LN

er4d = 1875.9(T2)
+ 0.0267(X2)(T6)
- 2092.4(T8)
- 0.044(x2)(T7) - 156.10
g ers = - 1.03(X)
- 2207.3 1log(T2+1)
8 + 15.2(X) log(T2+1)
- 0.33e-8(X5) log(T2+1)

+ 186.35

R

er5 = 2,1(X)
- 96.2(T6)

+ 0.688(X)(T6)

ety

- 0.312e-7(x*)(T6) - 319.45
er6 = 2786.6 log(Tl+1)
= (0.3e-5)(x*) log(T5+1)
- 63.13(X) log(T2+1)
+ 0.346(x2) log(T8+1)
- 4.55(X) + 221.29
. *er6 = =-188.(T5)
+ 2.68(T62)
- + 245.3(T3)

. - 1.22(15%) - 91.89




L e o

L e S Y H R S A £ A AL g o g e

-
5&§

vy Ky %y
AR

189 e

%!
2

‘o
,.:

&,
’

“
A

7

Y AXIS

N®

o"-T
B
A

.b
£

XA

. l.v" o
J.l."
LA
et

The equations predict the value of the error multiplied
by le8.

Ey
o
N
7,

.
el
Y

5
erl = - 0.27e-1(X ) log(T5+1) + 0.207e9

4
0.591e9(T3) - 5.69(X ) + 0.448e9

erl =
er2 = l9959656.(X)(log(T8+1)2)
+ 0.7(X4)
+ 91534124.0
er2 = 3814105.8(X)(T8)
- 0.126e9(T6)
- 0.1738e9
er3 = 603806.(X2) log(T8+1)

2
156989.2(X°)(log(T2+1)

+

12.A9(Xé) log(T6+1)

18341835.0(X) log(T2+1)

+

0.1lel0

FAt SN
(v
P

R L
] ’

er3 = 97743.7(X)(T10)
+ (0.157e10)
erd = - 0.38e-4(X") log(T6+1)
2 2
+ 0.49(X ) (log(T5+1)")
- 132.9
4
er4d = 0,904e-5(X )(T6)
- 0.185(x%)(15)
4
- 0.94e-6(X")
+ 12.2(X)
3
- 0.15e=2(X")(T6)

+ 38.98(X)(T5)
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- 1456.0(T5)

- 765.90

er5 = 1105.6 log(T7+1)

- 11.8(X) log(T8+1)
+ 0.21e-5(x*) log(T8+1)
+ 1.46(X)(Log(T10+1) %)
- 15.5
ers = - 0.117(X2)(T5)
+ 17.6(X)(T5)
- 634.8(T6)
+ 47.11(X)

- 4670.46

er6 = 2026.3 log(Tll+1) A
2 SN

+ 15.45(X)(1og(T10+1) ) }ﬁt QU
JUS LI RN
O ._.:._ (-
+ 41 3 [ 9 \ ::':'\‘,:::‘.::(:
AL LR AT
*er6 = 509.7(T11) + 25.94 Lot ,
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Z AXIs

The equations predict the value of the error

by le8.

erl =

erl =

er2 =

er2 =

erl =

-0.1e10 1og(T9+1)
+ 13669665.(X) log(T9+1)
+ 94778.9(x%) log(T9+1)
+ 5025085.5
- 0.21e9(T9)
+ 2841241.2(X)(T1?)
+ 280574.3(X)(T5)
- 16829877.(X)(T1)
+ 30043250.0

0.4e9 log(T9+1)

0.26e9 log(Té4+1)

1475633.4(X)(log(T9+1)2)

144233.O(X)(103(T5+l)2)

+

+

5502256.3
18844258,(T2)

- 20672.7(X)(T5)
- 13927269.(T9)

+ 10067418.9

36466.9(x2) log(T4+1)

+

0.96e9 1og(T9+1)

- 75]7186.9(X)(10g(T4+1)2)
~ 0.57e9 1og(T4+1)

- 0.79(x“) log(T5+1)

+ 14871443.0

FAVATRIALTRAVIRT

multiplied

TIRT R T

RN
s

PR

kf
‘I

o
’
!

Y




.
1
)
N
:.
:
:
:
[9

LR

LA

b ot APPSR

e w8 b B LA .
ate Lt L

.............

erl =

er4 =

er4 =

er5 =

er5 =

er6 =

...............
--------
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- 8795646.5(X)
+ 0.29e10(T7)
- 30796813(X)(T7)
+ 0.57e9
3.63(X)
- 7866.2 log(T9+1)
+ 192,3(X) log(T9+1)
- 1.22(X2) log(T9+1)
- 220.64
~574.8(T2)
+ 2.9(X)(T5)
- 705.97
503.910g(T9+1)

6.7(X) (Log(T4+1)2)

0.088(x%) log(T9+1)

+

0.3le-3(X3) log(Té4+1)

263.4 log(T4+1)
- 2.25
40.4(T9)
- 0.89(X)(T9)
+ 0.62e-2(X2)(T9)
- 22,3
-0.28(X)
- 192.4 log(T4+1)
+ 9.05(X) log(T9+1)
- 0.112¢x%) Log(T9+1)

+ O.éOBe-3(x3) log(T7+1)
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Table Al.3 Prediction Capabilities
of Regression Equations (t>60 mins)

AXIS X Y Z
erl mean 2.04 0.45 0.16
abs. mean 11.62 20.18 2.35
er2 mean -0.57 0.5 -0.5
abs. mean 6.2 0.6 1.9
er3 mean 2.64 0.5 10.8
abs. mean 21.20 5.0 32.4
eré4 mean -0.21 6.3 0.1
abs. mean 3.52 15.4 4,87
erS mean -4.6 -1.0 0.5
abs. mean 30.9 8.2 20.9
erb mean -0.5 -0.5 18.3
abs. mean 0.6 0.7 38.2

'.' - ..I

. . " » e
PREARI I N
.

Table Al.4 Prediction Capabilities
of Regression Equations (0<t<60 mins)

AXIS X Y YA
erl mean 3.1 8.6 0.5
abs. mean 16.5 24,5 4.1
er? mean -0.2 -0.1 4,7
abs. mean 6.2 1.03 44,1
er3 mean 9.2 0.5 15.2
abs. mean 4642 4.9 36.8
eré mean 1.2 -1.0 -4,6
abs. mean 12.2 10.8 25.4
erS mean 6.2 3.35 12.7
abs. mean 46.7 25.63 43,8
erb mean 0.8 0.1 1.79
abs.mean 33.9 3.46 4,87

The values are percentage error in prediction.
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Appendix 2

Table A2.]1 Location of Thermocouples on the x axis

Axis Thermocouple # Placement Point
x 1 Lead screw motor
2 Lubricant motor
3 Nut of lead screw
4 Near lead screw motor
5 - 12 On guideways
13 - 16 On side plates
17 On o1l tank
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Table A2.,2 Location of Thermocouples on the y axis

Ax1is Thermocouple # Placement point
Iy 1 Lead screw motor
2 Near lead screw motor
3 Nut of lead screw
4 Spindle motor
- —
5 - 12 On guideways, spindle side
13 - 18 On back side
_ 19 Spindle blower
20 On heater (simulating cutting)

L
b

9

3

b

4

9

b

.

;..

9

o

p

o

p

p

o
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Table A2.3 Location of Thermocouples on the z axis

Axis Thermocouple # Placement Point
1 Lead screw motor
2 Near lead screw motor]
3 Nut of lead screw
4 o B axis motor
5 =12 On guideways
13 - 16 On front Plate
17 - 19 On side plates

In appendix 3, temperature readings are presented. The

first of these readings is the room temperature read-
ing. Rest of the temperature readings follow as

described above. This will cause reading at thermocouple

5 to be shown in the sixth place.
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Positive for roll

ALz
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Appendix 3
. Conventions on Presentation of Results
B The first two lines indicate the axis measured and the
error being presented.

X Then the initial starting point readings are given, this

- is also the point at which the zero of the laser 1s set.

; The direction of laser indicates the positive direction.

. When set to F, movement of the reflector away from the
- laser is positive, while R indicates that movement of

the reflector away from the laser is negative.
The experimental readings follow next.

Individual test numbers are indicated.

. Positions at which readings are taken are given (marked

- POS).

Temperatures recorded are given (marked TEMP). The DR

first temperature is the average room temperature. Then

the cLemperatures around the machine follow as given in

v

Appendix 2.
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Mean of error is given (marked Mean).

Standard Deviation is given (marked SD).

Finally the actual errors are presented. Also spread
from the mean (marked by up and down) is given. Regres-
sion equations are presented at the end. Temperatures
used in the regression equation are as defined in Appen-

dix 2. When referring to T5, the thermocouple 4 18 the

one being addressed.
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X AXIS
RESULTS OF POSITION ERROR (micren)
 CCCEREEEEEC RS ECEESEE - E R ERESSEESRESR
X asis at 20 000 mms
Y axis at 111 999 mms
2 azis at 660.400 mms (indep)
Div of laser F

0. 50. 100. 150. 200. 250.
300. 350. 400. 450. 500.
24. 30 24. 38 33. 64
24. 29 24. 88 24. 39
25. 7% 24. 26 24. 14
3. 42 8.10 Q. 22
21 21 23. 63 25. 93
1. 60 1.04 0. 87
1.07 0. 8% 1. 00
Test @ 2
POS 0. $50. 100. 150. 200. 250
POS 300. 350. 400. 450. 500.
TEMP 25, 48 26. 40 35. 33
TEMP 24. 85 25. 54 24.78
TEMP 26.79 24. 88 24. 54
-0.13 3. 67 3. 57
.73 18. 60 22. 20
.42 2. 30 2. .23
.67 1.63 1.63

100. 150. 200. 250.
300. 3%0 400. 450. 500.
26 83 29. 59 36. 88
25 87 2b6. 61 25. 61
27. 95 25. 88 25. 21
. 20 -27. 62 ~24. 98
.07 -5.50 -0.13
.62 4. 28 3.95
40 1.74 1 63

. 50. 100 150 200 250
300 350. 400. 450 500

<7 70 31 41 37. 64
7?7 27 60 26 35
g 7% 26 72 25 84
o5 -51.73 ~-48 87
41 -26 67 ~21 58
09 4. 18 3. 85
2 00 1 48

100. 150 200
400 450 500
33 67 38 26
2€ L0 =7 06
31 o6 30
Le 57
56 e 77
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. Test & &

. e meem—a——-

: POS o 50

. POS 300. 3%0.
TEMP 27. 80

, TEMP 28. 69

f TEMP 29. B84

: MEAN -60 85

: MEAN -23 0%

. sD 4 30

< sD 2. .76

- Test & 7

l POS 0. 50.

. POS 300. 350

) TEMP 27.78

. TEMP 28 86

. TEMP 2%9. 73

. MEAN -52. 90

. MEAN -13. 42

N sD 4.18

! sD 3. 27

N Test & 8
POS 0. 50.

) POS 300. 350

X TEMP 27. 48
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A TEMP 29. 80

l MEAN -63.70
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Test & &
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- Test #

ALTUAL DATA

-8
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-22
-14
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~74.

~66
~63
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~0.
. 50
.70
.70

10
11

-33.
-31.
-28.
-20.

-18

-14,
-9.
-6
-1.

13

-58.
~5&.

-%2

~A3.

-40

~37.

-32

~-28.
~22.
~14,

-6

-74,
-49

-4
-53
-a9
-43
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-
L NES

30
40
70

. 30
. 89
17.
21.
23.
=26
.71
39

40
00
59
21

31
30

30

20

. 10
17.
=20
27.
33

30
&%
10
81

30
00
10
oo
30
89
a9

89
01
79

80
60
10
11
a3

10
20
71
89
29

20

50
21
3y
°9

53

~31.

-21.

-4,

13

-56
-a8
-45

-37.
=35,

=33

-29.
=25
-20.
-13

-&

-8
-61
-58
-47
-5t
-39
-3%

-31.
-28.
-2%.

-17.

-14

-13

-8

-5
-0Q.

14,

-56

-52.
=48,
-40.
-37.

-3%

-29.
-~26.
-23%.
~-13.

=-9.

-68.
-&4.

-&0
~49
-45
~40
-373

1%

15

16

19
22.
24.
31.

38

12

14,
14,
17.
19.
23
26.
33

-28.
-22.
-20.
~12.
-11.
~-8.
-5,
-3.

14.

~53

44,
~43.
<35.
~33.
-31.

-6

-23.
-19.
-13

~5

-63
-56
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~-44
-4t
-37
-31
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-0.
-0
-0.
-0
-0
-0.
-0.
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-0.
]

-0
-2.
-2.
-2
-1
-1
-1.
-1.
-1.
-0.
0.

-1.
-3.
-3
-3
-2
-2
-1.
-1.
~1.
-~0.
0.

~3

~3.
-2
-2

-2

-1

-1.
-1
-0.
-0

-2
-4,
-3
-2
-2
-1
-1

SPREAD

95
77
62
a2
48
13
12
20
04
15

20
00
00
17
84
90
S0
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A6
94
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-22.
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3
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X AX1S
RESULTS OF HORZ. ST. ERROR (micron)

u'ff.f/
AN

X azis at 25 000 ams
Y azis at 91 554 ams
2 axis at 320. 169 mams
Dir of laser F

Test & 1
POS 0 S0. 100. 150. 200. 2%0. 300.
TEMP 25. 20 24.93 34. 10 2498 24 9% 24. 95
TEMP 24. 49 2%. 01 24. 64 24. %9 24 61 24. %4
TEMP 25. 69 24. 35 24. 15 24. 20 36. 47 24.79
MEAN 0. %0 -1.90 -0. 58 -0. a8 0. 18 1.12 0.73
sD 0. 48 2. 32 2. .36 2.3% 2 28 2. 30 0. 40
Test & 2
POS 0 S0 100. 15%0. 200. 250. 300.
TEMP 26 00 28. 17 3%. 89 26.11 26. 16 26. 12
TEMP 2%. 03 2%. 94 24.94 24. 86 25 21 24. 99
TEMP 26. 9% 24. 94 24. 57 24. 69 40. 32 2% 28
MEAN 3413 31.70 32. 65 33.70 34 48 35. 23 34.37
SD 0. 46 2 63 2. 69 2.39 2.70 2. 64 0. 27
Test @ 3
POS 0. S0. 100. 1%0. 200. 250. 300.
TEMP 26. %8 30. 22 36. 60 2% %0 A% FE 27. 2%
TEMP 23.78 26.78 29. 48 2. 38 26. 07 25. %6
- TEMP 27.71 29. 65 2s. 06 25. 38 41. 49 26 14
MEAN 43 27 41. 24 41 .83 42.8% 42 87 43 26 43 20
sD 0. 46 1. 61 1.9 1.63 1. 64 1.53 0.54
Test & 4
POS 0. 30 100. 150. 200. 250. 300.
TEMP 27 13 31. %6 37.08 27. 61 28. 44 27. 91
TEMP 26. 37 27. 59 26. 0% 25. 93 26. 76 26. 09
TEMP 28 20 256. 20 2%. 46 25. 9% 42. 02 26 86
MEAN 48. 70 456. 71 46, 92 47.3% 48 a1 80. 32 48. 77
sD 0. 20 2 48 2 51 2. 56 2. 3% 2. 28 0. 14
Test & S
f POS 0. S0 100. 130 200. 230. 300.
} TEMP 25 18 30 84 35 67 28.13 28. 62 28. 11
i TEMP 26 3% 27. 84 26. 40 26. 2% 26, 57 2s. 88
) TEMP 27 57 26. 2% 24 58 25 24 41.07 27.23
. MEAN 42 20 39. 21 40. 14 41 83 41 34 42. 9% 42. 07
‘ SD 0 30 2.37 2. 41 2. 40 2. 38 2. 02 0. 31
® Test 8 &
}_r POS 0. S0 100 130. 200 2%0. 300.
. TEMP 23 78 30. 34 35 4 28. 0% 28. 2% 27.78
: TEMP 26 0% 27 78 26. 49 26. 29 26 41 25.73
; TEMP 26 8% 25 73 24. 3% 24.97 39. 87 27.20
’. MEAN 33 20 31.35 32 12 32 33 32. 60 33. 93 33. 20
: SD 0. % 2 20 2. 07 2.15 2. 43 2. 36 0. %6
, Test & 7
S eeeee-————
. POS O S0 100 150 200 2%0. 300
: TEMP 23 65 28. 07 33 44 2685 2697 27 34
o TEMP 25 75 27 39 26 19 26. 21 26 21 2% 43
-
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. 33
.79
.97
. a8
.70

.08
.67

T17*10.30 -

30. 13 34,
30. 30 34.
30. 17 as
31.93 36.
33.90 33
30. 00 29
2%. 22 29.
26. 63 30.
26. 95 31
27.07 31,
28. %8 32.
29. 60 29.
34, 60 34,
30. 12 34,
30. 43 39.
31.19 39.
.77 3%,
33.18 37.
34. 60 34

Regression Equation

4.07*T3 +

3
80

. 47

83
90

. 60

8%
90

.19

10
2%
60

72
13
69
87
18

O.1%e~4*X*X + 1.88*T15

30.
30.
30.

33.

29.
25.
26.
26.
26.

30.

31.
31.
a3.
39°.

34,
34.
34.
3S.
33.

29.

39%.
35.
395.

03
25
e7

.30
29.
30.
30.
30.

70
30
70
{0

30

20
10

. 80
37.
39.

20

.85
.93
.17
. 10

. 07
.24
.14
.20
.21
. 94

. 10
.33

. 2%
. a7
. 10
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10
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14
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94
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X AXIS

RESULTS OF VERT. 8T. ERROR (micron)

Dir
Test & 1
POS
TEMP
TEMP
TEMP
MEAN
sD
Test & 2
POS
TEMP
TEMP
TEMP
MEAN
8D
| Test @ 3

POS
TEMP
TEMP
~ TEMP
v MEAN
o sD
‘ Test & A
POS
- TEMP
TEMP
TEMP
MEAN
sD
Test & S

- POS
TEMP
TEMP
TEMP
MEAN
sD

Test & 6
: POS
. TEMP

" TEMP

TEMP

MEAN

X axis
Y azis
Z axis

of laser F

0.
24. 90
a3 02
26. 56
-0. 22

0.18

0.
24. 90
29. 19
26. 84
13.78

0. 16

0.
2% 03
2%. 51
27.19
11.77

0.195

0.
25 25
25 88
27. 5%
10. 48

0. 04

0
2% 13
26. 20
27.74
12. 65

0. 16

o]
25 1%
26.39
27. 61
15 68

0.12

[o)
25 05
26. 44

S50.

S0

S0.

50.

30

100.

29. 39
26. 02
24. 97
0.17
0. 90

100.

2%. 76
26. 32
25. 0%
17. 11
0.78

100.
26. 88
26. 83
25. 33
12.19
0.83

100.
27. 94
27.25
25. 71
10. 94
1.21

100.

29. 15
27. &4
25. 95
14,61
0. 86

100.
30. 24
27. 90
26. 04
17. 43
1. 00

100
28. 64
28. 01

at 25.000 ams
at 90.393 ams
at 319. 260 mms

150.

130.

150.

150.

150.

190.

150.

200. 250.

34.79
25, 22
24 .31
2. .29
0.74

200. 250.
34. 94
25. 34
24. 36
16. 63
0.72

200. 250.
35. 27
25. 58
24. 57

14. 05

0. 66

?00. 2%50.
35. 81
25. 91
24. 85
13. 22
0. 69

200. 230.

36. 00
26. 22
25. 07
14. 42
0. 61

200. 250.
33.73

26. 53
24 A3
17.17

0. 46

200. 2950.

35. 54
26. 51

28, 66
a5 17
24. 51
1.89
0. 84

300.

26. 05
29. 24
24. 68
18. 21
0.71

26. 63
25. 48
2%. 02
13. 40
0.73

2% 04
295. 81
25. 42
11.89
0. 81

300.

27. 86
26. 10
25. 73
14. 06
0.74

28. 24
26. 36
23%. 36
1B. 26
0. 42

300.
7. 22
26. 37

a8 5

25,
3.
40.
17.
. 61

26.
29,
40.
11.
. 58

26.
a1.
10.

27.
26.
41.
14

28

26.
41.
17.

27.
26.

. 22
39.

43

73
47
19
17

97
S2
72

45
2
93

94

21
63

37
92
25
48

44
93

26.
. 02
a%.
-2.

26.
. 0%
25.
14,
. 65

27.
25.
26.
10.
. 99

27.
as.
26.

27.
26.
27.
12

28.

as.

0%

7%

79

0%
24

69
76

. 93

258

.05
25.
27.
16.
. 37

99
41
31

10
5
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TEMP 27. %2 2%. 98 24. 23 2%.19 4121 27.97
MEAN 15. 90 18. 17 17.78 18. 193 17. 82 16.% 15. 83
8D 0. 41 0. 84 0. 6% 0. 99 0. 62 0. 69 0.29
Test @ 8
POS 0. 50. 100. 130. 200. 2%0. 300. o
TEMP 23. 00 29.57 39, 47 28. 32 20819 28. 03 AR
TEMP 26.37 28. 0% 26. 66 26. 44 26. 99 25.98 et
TEMP 27. 84 2%. 90 24, 18 5. 14 41.02 27.99 . e
MEAN 17. 42 19. 58 19. 36 19. 63 19. 22 18. 07 17. %0 -
SD 0. 70 0.91 0. 67 0. 68 0.72 0.72 0.71
Test @ 9
POS 0. S0. 100. 1%0. 200. 2%0. 300. ®
TEMP 24. 88 29.81 3%. 40 28.3% 28. 2% 28. 0B S
TEMP 26.37 28. 0% 26.71 26. 46 26. 98 2597 s
TEMP 27.39 25.93 2416 23. 14 40. 92 27.%9 .
MEAN 19. 0% 20. 49 20. 08 21. 44 20. 60 18. 26 19. 10 : .
8D 0. 16 0. 860 0.47 0.24 0.37 0.32 0. 15 : .
Test @ 10 :
POS 0. 50. 100. 13%0. 200. 250. 300. [y
TEMP 24. 90 29. 96 35 21 8828 2e. 20 28. 06 - _-r—.--‘
TEMP 26.33 28. 06 26.72 6. 47 27. 04 25. 98 .
TEMP 27.35 25. 88 24.17 25. 15 40. 88 27. 62 o
MEAN 19. 28 21. 41 20. 14 21.36 21.02 18. 24 19. 27
8D 0.18 0.89 0. 69 0. 57 0. 54 0.72 0. 14 .
ACTUAL DATA -
ssesseasaes P cags A e
SPREAD ST
Up Down .
Test & 1
0. 10 -0. 20 -0. 20 -0. 40 -0. 40 -0. 20 0.0% ~0. 0% -
1.13 -0. 52 0.7% -0. 88 1.03 -0. 32 0. 81 -0. 81 :
2. 67 2.77 2. 20 0.83 2. %0 2.77 0.17 ~0.17 R
2. 90 1.2% 2 3% 0.9% 2. 69 1. 2% 0. 74 ~0. 74 ¢ .
1.23 0.03 0.80  -0.33 0. 90 0.03 0.353 -0.53 ~2 1
~1.93 -3. 18 -2 23 -3. 62 -2. 3% -3.18 0. 57 -0. 87 e e
-0. 20 -0. 20 -0. 40 -0. 40 -0. 20 -0. 20 0. 0.
Test & 2
16. 00 13. 80 15. 80 15. 80 15. 80 15. 50 0. 08 -0. 08
18. 0% 16. 52 17.92 16. 42 17. 40 16. 3% 0. 68 ~0. 68
17. 40 16. 23 17.13 15. 93 17. 30 15. 80 0. 64 -0. 64 »
19. 15 17. 63 18. 75 17. 65 18. 60 17. 4% 0. 63 ~0. 83 -
F’ 17.90 16. 87 17.37 16. 47 17. 80 16. 60 0. 52 -0. 52
- 15.3% 14. 28 14. 98 13. 98 15. 40 14. 0% 0.57 -0. 87 —
¢ 19. 80 15. 80 15. 80 15. 80 19. %0 1% %0 0. 0. S
- Test ® 3 -
- 12. 00 11.80 11.80 11. 60 11. 60 11.80 0.03 -0. 03
- 12. 98 11. 43 12. 87 11. 33 12. 87 11. 40 0.7 -0. 76
= 14.77 13. %0 14.73 13.37 14. 43 13. %0 0. %9 ~-0. 89
P‘. 14. 0% 12. 8% 14. 00 12. 50 14. 10 12. 90 0. 63 -0. 6%
. 12. 23 11. 00 12. 07 11. 03 12. 27 11. 70 0.47 -0. 47
f.-; 11. 92 10. 3% 11.23 10. 27 11.33 10. 30 0.53 ~-0. %3
. 11. 80 11. 80 11. 60 11. 60 11. 80 11.80 0. 0.
Test # 4
; 10. %0 10. 50 10. %0 10. 50 10 50 10. 40 0.02 ~0. 02
- 11 &8 1018 11. %7 9 77 12. 67 9. 7% 1. 04 ~1. 04
.-
T e T e e e, .-\':A-';\'.'.';J".‘A'. T K A...‘. .‘.-. R :. :;.‘ e ’,-') . :_.
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13.77 12.77 13. 93 12. 63 13. 83 12. 40 0. 62 -0. 62
12 4% 11.15 12. 80 11. 40 12. 60 10. 93 0.73 -0.73
11.23 10. 23 11. 97 10. 57 11 67 10. 30 0.5 -0. 56
8 32 7.92 8 23 7. 93 0 43 7.15% 0. 46 ~0. 46
10 90 10 %0 10. %0 10. 90 10 40 10. 40 ~0. 00 -0. 00
Test & 9
12 90 12. 60 12. 60 12 %0 12. 30 12. 80 0. 02 -0. 02
15. &7 13. 82 15. 07 1369 19 35 14. 10 0.75 -0. 75
15. 03 13.73 14.83 13 80 1%. 00 14. 10 0. 54 -0. 54
14.70 13. 45 15. 00 13. 3 1449 13. 40 0. 66 ~0. 66
18.57 13.87 18.17 13. 80 15. 30 14. 10 0.71 -0. 71
13. 53 12. 38 13.13 11. 65 13.1% 12. 20 0. 60 -0. 60
12. 60 12. 60 12. 50 12 50 12 80 12. 80 0. 0.
Test & 6
15. 50 15. 70 15. 70 15. 80 15 80 15. 60 -0. 02 0.02
18. 63 16. 67 18. 07 16 78 18. 0% 16. 32 0.86 -0.86
~ 17.37 16. 63 17.63 16 77 17.70 16. 93 0. 39 -0. 39
, 18. 50 18. 00 16.70 18. 05 18. 65 17. 6% 0.36 -0. 36 ;!
XS 17.83 17. 07 18. 17 17. 23 17. 70 16. 87 0. 42 ~0. 42 FrE AR
L 16. 47 16.13 16. 63 16.12 16.73 15. 76 0. 30 =0. 30 OGRS 22¢
k- 15. 70 15.70 1%.80 15. 80 15. 60 18. 60 0. 00 0.00 TR T O
X Test & 7 ORI L
o 16. 60 19. 60 15. 60 13. 70 15. 70 16. 20 0.07 =-0. 07
N 19. 20 17.13 18. 65 17. 67 18. 85 17. 83 0.73 -0.73
16. 70 17. 07 18. 20 17. 23 16. 10 17. 37 0. %6 -0. %6
19. 10 17. 60 18. 43 17. 60 18. 33 17. 80 0. 48 -0. 48
- 18. 70 17.03 18. 20 17. 37 18. 10 17. 53 0. 51 -0. 51
17. 60 15. 77 16. 7% 15 93 16.85 16.17 0. %6 ~0. 56
15. 60 15 60 15. 70 15. 70 16. 20 16. 20 0. 0.
Test @ 6
17. 30 18. 10 18 10 16. 60 16. 60 17. 80 ~0. 08 0.08
20 02 18 73 20 &3 19. 00 20. a8 10. %8 0. 80 -0.80
19. 93 19.10 20 20 18 60 19. 67 16. 67 0.57 ~0. 87
20 25 19. 99 20 o5 18 70 19. 55 19.15 0. 49 -0. 49
19 87 19 30 20.10 18. 10 19.13 18. 83 0. 48 -0. 48
18 4g 18.15 19. 15 17. 00 17. 82 17. 82 0. 41 -0. 41
18 10 18 10 16. 60 16. 60 17.80 17.80 -0. 00 -0. 00
Test @ ©
18. 90 19. 20 19. 20 18. 90 18. 90 19. 20 -0. 05 0.05
20.77 20. 02 21.323 19 78 20. 90 20. 15 0. 51 -0. 51
20 43 19. 83 20. 57 19. 67 20. 50 19. 50 0. a2 -0. 42
21 60 21.05 21.60 21. 3% 21.70 21.3% 0.19 -0. 19
20. &7 20.17 21.03 20 23 21.00 20. 50 0. 30 -0. 30
18.13 17. 98 18. 57 17. 92 18. 70 16. 2% 0. 21 ~0. 21
19. 20 19. 20 18. 90 18. 90 19. 20 19. 20 0. 0.
Test & 10
19. 40 19. 40 19. 40 19. 10 19. 10 19. 30 0.02 -0. 02
21 98 20 o8 22 87 20. 62 22. 0% 20. 58 0.79 ~0. 79
20 &7 19 &7 20. 83 19. 43 20. 70 19. 37 0. 59 -0. 59
21. 93 20. 95 21. 90 20. 65 21.7% 20. 93 0. 51 -0. 81
21.9%3 20 &3 21.97 20 37 21 40 20. 63 0. 48 -0. 48
18. 72 17 72 18. 93 17. 20 16. 95 17. 82 0. 65 -0.63
19. 40 19. 40 19. 10 19. 10 19. 30 19. 30 0. 0.

Regression Equation

T17%22.,52 - T1*73,87 - J.13*T8 -~ 0.65e - 7#x+
1033.,87 e e
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X axis

RESULTE OF PITCH ERROR (arc-secs)

X axis
Y axis

st 20.000 mms
at 111. 999 ams

Z axis at 6460. 400 mms (indep)
Dir of laser F

Test & 13

POS 0. S0. 100. 150. 200. 250.
POS 300. 3%0. 400. 450. 500.
TEMP 25. 2% 25. 69 34. 68
TEMP 24.73 23. 69 24.83
TEMP 26. 45 24. 61 24. 24
MEAN 0.76 0. 74 0. 51
MEAN -1.04 -1, 32 -1. 45

8D 0. 16 0. 35 0. 36

§D 0.3% 0.33 0. 34
Test @ 2

POS 0. 50. 100. 150. 200. 2%0.
POS 300. 350. 400. 450. 500.

TEMP 24. 00 27. 21 38, 60
TEMP 29 20 »6. 18 25. 08
TEMP 27. 16 25.19% 24 66
MEAN -1. 99 -1.94 -2. 10
MEAN -3. 39 -3. 446 -3.83

SD 0.3% 0. 60 0. 57

$D 0. 62 0. 57 0. 22
Test & 3

POS 0. 80. 100. 150 200 250.
POS 300. 3%0. 400. 4%0. 500
TEMP 26. 93 29. 02 36. 32
TEMP 2%. 79 26. 85 25. 52
TEMP 27. 80 2% 77 2% 13
MEAN -4 78 -4.768 -5. 16
MEAN -6, 63 -6. B2 -6, 61

SD 0.17 0. 3% 0. 38

SD 0. 41 0. 31 0. 42
Test & &

POS 0. 50. 100. 150. 200. 2%
POS 300. 3%0. 400. 4350. %00.
TEMP 27. 38 32.3% 37. 07
TEMP 26. 65 27.83 26. 31
TEMP 28. 46 26. 93 25. 70
MEAN ~7. 64 -7. 56 -8 17
MEAN -9. 63 -9.70 -9. 74

8D 0. 21 0. 52 0. 97

SD 0. 36 0. 45 0.3%
Test & S

POS 0. 30. 100 150 200 250
POS 300. 3%0. 400. 4% 500

TEMP 27. 00 30. 29 37. 85
TEMP 27. 29 28. 32 24. B8
TEMP 28 90 27. 00 26 14
MEAN -10. 75 -10. 97 -11. 06
MEAN -12 72 -12. 71 -12. 74

.t At e

A S S A AL BN
bl aiiadadadelda Bl sy

v
s

£5.34
24.73
24. 46
-0. 10
-1.34

2. 01
24. 99
-2. 47
-3.79

27. 16
25. 45
25. 57
-3. 60
-7. 04

26 19
26. 26
-B8. 54
-10. 17

26. 73
26. 8%
-11.57
-13 30

<2
-11

-13.

$33%

OO

533484

WIS SS

.19
.69
. 60

o7

19
(24

31

61
11

. 96
.76
. 80
-3
27

E— - - - «® . L - - - » - - -
T At et e 0 C RN 2P R S AP S S
e e e Rl R e Raa el ataiad oz s s

25. 81
25. 22

26. 62
2%. 01
28. 67
-3.04

2%. 50
26. 31

26. 24
27. 22

26. 71
27. 88
-12. 12
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Sh 0. 20

8D 0. 37
Test & 6

POS 0. S0
POS 300. 3%0.
TEMP 26.7%5
TEMP 28.01
TEMP 29. 20
MEAN -13.08
MEAN -19%5. 38

sD 0. 07

8D 0. %
Test & 7

POS 0. 950
POS 300. 3%
TEMP 26. 835
TEMP 28. 19
TEMP 29. 27

MEAN -1%5.73

6D 0.10

8D 0. 42
Test & 8

POS 0. %
POS 300. 3%0.
TEMP 26. 40
TEMP 20. 32
TEMP 29. 32
MEAN -12. 76
MEAN -1%.70

sD 0. 04

sD 0. 44
Test & 9

POS 0. S0.
POS 300. 350.
TEMP 26. 30
TEMP 28. 50
TEMP 29. 23
MEAN -12. 08
MEAN -14.81

SD 0. 20

sD 0. 65
Test ¢ 10

POS 0. S0
POS 300. 350.
TEMP 26. 20
TEMP 28. 48
TEMP 29. 09
MEAN -11. 52
MEAN -14. 41

8b 0.07

39] 0.3%

100. 1%0.
400. 450.
33. 66

29. 32

27. 49
~12.78
-1%.81

0. 48

0. 50

100. 150.

400. 4350.

33. 58

29. 41

27. 66
-13. 16
-16. 19

0. 36

0. 36

100. 19%0.
400. 4350.
33. 88

29. 64
27.79
-12.76
-15. 82

0.30

0. 50

100. 150.
400. 450.
34.13
29.91
27.77
-12.01
-193. 54

0. 39

0. 40

100. 150.
400. 430.
32 37
29. 85
27. 695
-11.5%6
-14.86
0.38
0. 39

223

200. 250.
500.

37. 58
27.79

26. 49
~13. 48
-315.7%

0. 47

0. 44

200. 250.
500.

37. 6%

28. 00
26. 61
~313.73
~16.33

0. 43

0. 41

200. 2%0.
%C0.

37. 64

28. 23

26. &9
-13. 50
-15. 96

0. 48

0.38

200. 2%0.
500.
37. 09
28. 43
26. 69
-12. 68
-1%. 87
0. 36
0. 20

200. 230.
300.
36.76
208. 41
26. 67
-12. 16
-13. 3
0. 43
0. 32

30.
7.
27.
=-14.
-16.

30.
27.
27.
-14,
-16.

30.
28.
27.
~14,
~-16.

30.

28.
27.

-13.
=16,

27.
-12.
-15

0.

.31

. &9

13
71
30

a3

. 64
.30

12
90
44
38
70

. &1
. 37

[-2)
13
$7
16
63

.42
. 40

30. 66
*8. 66
42. 87
-14.32
=16.34

0. 50

0.07

31.02
28. 78
42.77
-14. 63
-16. 82

0. 08

31. 27
28. 93
42 66
-14.23
-16.86
0. 48
0. 12

31.27
29. 18
42. 50
~13. 66
~16.39
0. 40
0. 26

3¢ .88
29. 09
42. 17
~13. 14
~16. 00

0.07

29.
2.
9.
-18.

27.
29.
-14.

30.
28.
29.
-14,

29.
28.
29.
-13.

. 43

. 82
27.
28.

-14,

59
93
63

. 54

68
73
10
16

. 45

Q1
32
86

. 45

04
09
60

94
07
63
77

.24




ACTUAL DATA
HFERESERSRES
Test & 1}
0. 47 0.
0.3 0.
0. 51 0.
-0. OA -0.
-0, 24 -0.
~0.43 -0.
-~1.06 -1.
-0. 91 -1.
-1. %4 -1.
-1. 38 -1.
-1.61 -1.
Test @ 2
~0. 98 -1.
~31. 06 -2.
~1.34 -2.
-1. 6% -2.
~1.8%5 -2.
-2. 20 -3.
-2. 40 -3.
-2, 60 -3.
-3 48 -3.
-3. 43 -4,
-3, 62 -3.
Test @ 3
-4 49 -4,
-4 A1 -4,
-4. 76 -3,
-9 28 -S.
-9. 24 -5.
-5. 71 -6.
-6. 38 -b.
-4, S0 -7.
-4, 86 -7.
-6. 42 -7
-6. 8BS -b.
Test & &
~7. 58 -7.
-6. 81 -6
-7. &0 -8.
~7.9% -8
-8 07 -9.
-8, S50 -8
-9. 23 -9
-9.17 -9
-9.37 -10
-9. B4 -10
-10, 04 -10
Test & S
~-10. 3% -10

75
o1

9%
24
75
42
&5

77
-3}

B84
&5
47
94
91
34
81
13
05
28
8%

~0.
-1.
-1.
-0.
-3,

-1.
-3.
-31.
-2.
-2.
-2.
=a.
~-2.
-3
~3.
-3.

-&.
-4,
-4,
-5,
-9.
-9.
-b.

-5
. 69
-6,

-7.
-7.
-7.
-8.
-7.

-9.
-9.
-9.
-9.
-9.

-10.

doooo0

79
96
87

12
12
39

10
94
57

&%
65

09
01

11
78

84
57

04
12
79
18

93

44

72
11

<}
2%
49
41
-1}

75

0.

0.

o.
0.
-0,
-0.
~1.
~1
~1.
~1.
~1.

-1.
-2.
-2.
-2.
-2.
-3.
-3.
~3.
-8,
-4,
-3.

-4
-S.
-3.
-5.
-9.
-6,
-7.
-b.
-b.
-7.
=6.

224

91
63
4
16
31
85
18
42
38
30
57

s7
17

83
5

70
02

92
16
47

91
42
01
93
73
AB
93

UL
[

-1.
-1
-1.
-2.
-2.
-2.
-3.
-3.
-3
-3
-3.

-4
-4,
. BA
-3.
~3.
-9.
~&.
-6,
-3,
-7.
-7.

tbooooro

S224sg2y

92
61

35
47

-1
&9

0%
o1

SR

.87

~2.
~2.
~2.
-3.
~3.
-3

-4,
-4.
-4,
-3.
-3

-4,
-3
-3
-6
-3

-7.
-7
-7

-7.
~7.

-7.

-8.
-9.
~-q.
-9.
~10.
-10.
~10.
~10,
~10

71
47
39
<}-}
as

.63
.22
.73
.69
. 61
-1}

09
87
91
27
43
78
29
21
06
98

63
28
55
o2
98

13
20
05
32
[}

.91

EPREAD

Up Down
~0. 0A 0 0a
0. 20 -0. 20
0.28 -0. 2B
0. 2% -0.2%
0.18 -0.18
Q. 24 -0. 24
0.23 -0.23
0.28 0. 28
0.22 -0. 22
0. 22 -0.22
0. 0

0. 18 -0.18
0. 43 ~0 43
0. 46 ~0. 46
0. 41 ~0. 41
0. 49 ~0. 49
0. 34 ~0. 34
0. 42 ~0. 42
0. 40 -0. 40
0. 14 ~0. 14
0. 22 -0. 22
0. 0.

0. 03 -0. 03
0. 25 -0. 25
0. 34 -Q. 34
0. 38 -0. 38
0. 33 -~0. 33
0. 35 -0. 3%
0. 35 -0. 35
0. 26 -0. 26
0. 33 -0. 33
0. 32 -0. 32
0. 0.

0. 07 -0. 07
0. 4% -0. 43
0. 51 -0. 51
0. 45 0. 45
0. %3 -0. 53
0. 42 -0. 42
0. 31 -0. 31
0. 36 -0. 36
0. 31 -0.31
0.3 -0. 31
-~0. 00 -0. 00
0. 09 -0. 09
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l ~-10.16 -10.67 ~-10.280 ~10.75 -310 39 -11.18 0. 30 ~0 20
~10. 81 -11 18 -10 7¢ -11. 42 ~10. 98 -13. 34 L4 -0 2% ®
b -10.83 -11.% -11.38 ~12.0f ~11.42 -12.26 0.37 ~0 37 ST R
. ~11.02 ~-11.73 ~-11.14 ~-11.97 ~11.22 -11.97 0.38 -0 38 SN
" ~31. 87  ~12.317 ~-1}.93 =12.7b6 ~11.8% -12 44 0.33 -0. 33 £j7.
'y -12.24 ~12.80 ~-12.44 -12.87 -~12.464 ~-13. 31 0. 28 ~0. 28 R
" ~12. 20 ~12. 64 -12.60 ~13.11 ~12.64 -13.07 0.23 -0. 23
l ~12.13 ~12.99 -12.% -13.19 ~12. 44 -13. 15 0.37 -0. 37
~13.03 -13.31 -12.99 -13.% -13.3% -13.% 0.18 -0.18
~313.23 -13.23 -13.43 -13.43 ~13.1% -13.315 0. 0.
Test & &
-12.9% -13.1% -13.11 -13.07 -13.07 ~13.15 0.03 ~0. 03
-12.24 -13.19 ~12.32 ~13.23 ~-12.e8 -~13.23 0.43 ~0. 43
-313.07 -13.94 ~-13.11 -13.82 -12.99 ~-13. 98 0. 43 ~0. 43
, -13.30 -14.65 ~13.%8 -14.57 ~-13. 43 ~14.76 0. 38 -D. 5B
-13.82 ~14.72 ~-13.8B6 ~14.76 -13.94 <~14.84 0. 45 -0. 4%
-14.21 ~15.§12 -14.06 -~15.08 -14. 317 <15 16 0. 49 -~0. 49
-15.00 -1%5.83 -14.6% ~-1583 -1%00 ~-15.68 0. %0 -0. 50
~19.87 -316.22 ~19.R20 ~16.30 -~1%.43 -16.26 0.4% -Q. 45
~15. 8% ~-146.06 ~15.08 ~16.22 -15.83% <16 06 0.3 ~0. 36
~16.02 -16.46 ~146.06 ~16. 6% ~-36.10 -16 6% 0.2 -0. 26
-16. 42 -16. 42 ~16. 26 ~16. 26 ~16. 34 -16. 34 0. 0.
' Test & 7
-13.11  ~13.19% ~-13.19 ~13.19 =312.19 -12.9% ~0.03 0. 03
-12.76 ~13.66 ~12.99 -13.23 -~12.83 -13.4¢ 0. 30 -0. 30
-13.39 ~-14.2% ~-13.3% -~13.98 ~13.31 -14.09 0. 38 -0. 38
-13. 86 -14. B4 -14.13 -~14. 6% ~-14. 06 -14. 72 0. 36 -0. 3&
~14.37 -15.08 ~-14.37 ~314.9 -14.313 -14 .68 0.34 -0. 34
-14.80 -185.67 -14.76 ~13.5% -14.69 -~15 47 0. 41 -0. 41
. -1%.31 -16.26 -1% 47 ~1602 ~-15.28 -16.02 0. 37 -0, 37
i ~19.94 -146.86 ~-15%94 ~16 45 -19. 75 ~16.61 0. 31 ~0. 31
e -16. 14 ~16 77 ~16.02 ~16.465 -15. 75 ~16.61 0.35 -0. 3%
s ~16. 46 -17.33 ~16.30 ~146.85 -16.38 ~17.09 0. 32 ~0. 32
" -16.93 -16.93 ~16.77 ~36.77 -1&77 ~16.77 0. 0.
- Test & B
. ~12.83 -12.76 -12.76 ~12.76 ~32.76 -12.72 ~0. 02 0. 02
. ~12. 48 -12.99 -12.36 ~13.1% -12.68 -12 87 0.25 -0. 2%
| ~12.95 -14.02 -13.11 ~13.94 -~13.15 -13.82 0. 43 ~0. 43
~13.90 -14.45% -13.7B ~14. 69 -~13.70 ~14.45 0.37 ~0. 37
~13.74 -314.80 -13.86 ~14.57 ~13.82 -~14.51 0. 43 ~0. 43
~14. 57 -15.16 -14. 45 ~-15.24 ~14.37? -15% 3% 0. 40 ~0. 40
-15.3%5 -16.318 -1%520 ~-15.98 ~1535 -16.10 0.39 ~0. 39
: ~15. 28 1626 ~-1% 63 -16.22 ~1528 -16.30 0. 44 -0. 44
' -19.%1 ~16.30 -1563 -146.18 ~1573 -1b. 42 ©.33 ~0.33
' ~316.% ~-17.01 ~-16.06 ~-14.B% ~1638 -17.05 0. 33 -0. 33
~16.BS ~14.8% -16.73 -16473 <~17.01 ~17.0t -0. 00 -0. 0O
Tast & 9
-12.20 12,20 -12.20 -12.0%9 ~12.09 ~11.4% -0. 09 0. 0%
-11. 69 ~12. 952 -11.81 ~13. 44 -11, 6% -12. 0% 0.1 ~0. 31
-12.48 -13.% -12.32 ~-13.27 -12.13 -~12. 40 0. 38 ~0. 38
-12. 9% ~-13.70 -12.%1 -313. 94 -13.03 ~13.07 0. 30 ~0. 30
-13. 46 ~-14.29 ~13.31 -~14.2% -13.98 ~13 86 0. 208 ~0. 28
-14.02 -14.92 ~13.86 -14.72 -14.33 ~14 04 0.2% -0. 2%
-14.84 -1% %51 14 49 -1% 43 -13.74 ~-14 84 0. 4% -0. 4%
-15.16 ~14.02 =-15.0B ~-1%.98 -13 39 ~-15 %9 0. 33 -0. 33
-1%. 63 -16. 04 -15 59 -6 14 -15. 79 -19%. 83 0. 14 -0. 14
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-16. 02 -16. 89 -13. 91 -16. 61 -16. 42 -15. 98 0 19
~-16. 50 -16. 50 -16. 06 -14. 06 -16. 61 -16. 61 o]
Test & 10

-11. 54 -11.97 -11.97 -11. %4 -11. 54 -11. 38 -0. 03
-11.10 -12. 0t ~-11. 26 -11. 89 -11. 30 -11.81 0. 34
-11. 689 -12. 72 -11. 81 -12. 92 ~11. 6% -12. 36 0.37
-12. 68 -13. 32 -12. 40 -13. 31 -12. 52 -12. 9% 0.33
-12. 80 -33. 66 -12. 60 -13. 54 -12. BO -13. 43 O 43
-13. 50 ~-14. 17 -13. 46 -14. 02 -13. 43 ~-14. 02 0. 30
-14. 13 -14. 80 -14 13 ~14.76 ~-14. 02 -14. 61 0.3
-14. 57 ~15. 28 =14 45 -15. 28 -14. 33 -15. 04 0. 34
-15. 00 -195. 67 -15. 16 -195. 47 -14. 96 -15. 63" 0. 28
-195. %9 -15 94 -15 43 -13. 87 ~15. 16 -15.71% 0. 22
-135. 91 -15. 91 -16. 06 -16. 06 -16. 02 -16. 02 -0. 00

Regression Equation

-3.37%T14 - 0.23e-3%T2%*X - 1.,62*T3 +0,82*%T1
+ 119.56

- . .
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N
A%
W
Y
RS
: X AXIS
f: RESULTS OF ROLL ERROR (arc-sec)
e
s X axis ot 30. 000 mms
s Y axis at 140.000 ams
Z axis at 349. 999 ams
Ref is + ve on right
Test & 1
POS 0. 50. 100. 130. 200. R50.
. POS 300. 3%0. 400. 450. 500.
- TEMP 29. 45 25. 92 3%.19 20039
-~ TEMP 29. 63 26.7% 25. 99 25. 92
> TEMP 27.17 23. 41 25. 06 25. 28
MEAN 1.87 2.08 2.07 1.83
MEAN 1. 97 1.23 1. 53 1.30
§D 0. 94 0. 69 0.44 0.46
- 8D 0.29 0.10 0. 29 0.22
Test & 2
- POS 0. 50. 100. 150. 200. 250.
oty POS 300. 3%0. 400. 450. 500.
TEMP 26.1% 27. 33 36. 24 27. 03
. TEMP 26. 32 27. 64 26. 42 26. 32
TEMP 27.96 26. 08 2%5. 49 26.03
MEAN -0. 05 0.05 -0.19% -0. 12
.- MEAN -0.73 -0.77 -0. 73 -1.05
X 8D 0. 05 0.08 0. 24 0.18%
§D 0.10 0.12 0.08 0.16
oS Test ¢ 3
- ——————
~ POS 0. 50. 100. 150. 200. 250.
POS 300. 350. 400. 450. 500.
TEMP 26. 48 28. 25 36. 70 27. 81
TEMP 26. 74 28. 01 26.74 26. 66
TEMP 28. 33 26. 42 2%. 76 26. 40
MEAN -1. 92 -1.83 -1.7% -1.98
MEAN -2. 08 -2. 58 -2.78 -2. 42
&D 0.20 0. 41 Q.27 0. 38
SD 0.38 0. 38 0.27 0. 20
Test & 4
POS 0. 50. 100. 150. 200. 250.
. POS 300. 3%0. 400. 450. 300.
T TEMP 26. 60 29. 24 36. 92 20—e8
:: TEMP 27. 02 28. 36 27.02 26. 92
- TEMP 28. 53 26. 67 29. 92 26. 63
MEAN -10. 42 -9.92 -10. 00 -10. 08
MEAN -10. 42 -10. 92 -10. 67 -10.76
8D 0. 20 0. 20 0. 0. 20
8D 0. 38 0. 20 0. 41 0. 40
Test & 3
. POS 0. 50. 100. 150. 200. 2350.
- POS 300. 350. 400. 350. 500
TEMP 26.75 31.08 37.35 29. 33
TEMP 27. 3% 28. 72 27.33 27.28
TEMP 28. 77 26. 94 26.13 26. B6
MEAN ~24. 00 -24. 08 -24. 00 -24. 08
MEAN -24. 83 ~-24. 92 -2%5. 00 -2%. 00

27.
27.
42.
-1.
-2

0
o

27.
42.
-10.
-10.

42.
~-24.
-25.

00dd =P

.07

o8
17
31
14

.81
94

. 37
09

S2
45
oS
92
&7
. 20
.26

78
33

. 26
. 45

. 37
.11
43

26.
25.
26.
.73

27.

26.

27.

26.
27.
-2.

6.
20
~10.

-24.

83
77
31

ougd

.29

54
69
33

.26

. 58

82
04
33

.41

.96
27.
.40

13
75
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.
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sD 0. 0. 20 0. 0. 20 0.20 0.27
sD 0.26 0. 20 0. 0. 0.
Test & &
POS 0. S0. 100. 150. 200. 250.
POS 300. 3%0. 400. 450. 500. o
TEMP 26. 43 32. 66 37.21 29. 80 30. 16 29. 26 )
TEMP 27.70 29. 02 27. 65 27. 53 28. 16 27. 14 e
TEMP 28. 70 27.01 25. 40 26. 43 42. 48 28. 6% o
MEAN -24. 7% -24.17 -24. 58 -24.83 -24.83 -2%. 00 "
MEAN -25. 00 -25. 00 -25. 00 -2%. 00 -25. 00 N
8D 0.27 0.41 0.20 0. 41 0.26 Q. "y
6D 0. 0. 0. 0. 0.
Test & 7
POS 0. 50. 100. 150. 200. 250.
POS 300. 350. 400. 450. S00.
TEMP 26. 5% 30. 89 37. 24 ap 66 29 14 29. 36
TEMP 27.83 29. 24 27.73 27. 53 28. 27 27. 12
TEMP 26.83 27.12 25. 60 26. 53 42. 39 28. 80
MEAN -2%. 08 -25. 17 -25. 00 -25. 00 ~-25.17 -25. 08
MEAN ~25. 33 -25. 42 -26. 00 -25. 84 -26. 00
sD 0. 20 0. 26 0. 0. 0. 41 0.20
SD 0.52 0. 49 0. 0. 3% 0.
Test & ©
POS 0. 50. 100. 150. 200. 250.
POS 300. 3%0. 400. 450. 500.
—_ TEMP 26. 28 34.03 37.18 30. 57 31.15% 29. 72
TEMP 28. 23 29. 65 28.23 28. 06 28. 67 27. 6%
TEMP 29. 04 27. 55 26. 13 26. 96 42. 1% 29. 31
MEAN -2.7% -2.33 -2. 42 -3. 00 ~-2. 92 -3. 00
MEAN -3.00 -3. 00 -3. 00 -3. 00 -3. 67
8D 0.27 0. 52 0. 45 0. 0.20 0.
8D 0. 0. 0. 0. 0.26
ACTUAL DATA
RN
SPREAD
Up Down
Test & 1
0. 2. 00 2.00 2.30 2. 30 2. 60 -0. 43 0. 43
0.70 2. 20 2.30 2.30 2. 60 2. 40 -0. 22 0.22
1.20 2. 00 2.30 2.30 2.30 2. 30 ~0.13 0.13
1.10 1.80 1.5%0 2.20 2 .20 2 20 -0.23 0.23
1. 50 210 2. 00 2. .30 2.30 2.30 -0.1% 0.15
1.30 1. 80 1.80 1.90 1.80 1.80 -0.10 0.10
1.10 1.80 1. 40 1.80 1.80 1. %0 -0.13 0.13
1.10 1.20 1. 40 1.20 1.30 1.20 0.03 -0.03
1. 40 1.10 1.80 1. % 1.90 1. 50 0.17 -0.17
1. 40 0. 90 1. %0 1.20 1.40 1.40 0.13 -0.13
1. 00 1. 00 1.20 1.20 1.30 1.30 -0. 00 -0. 00
Test & 2
0. 0. 0. -0. 10 -0. 10 -0.10 0.02 -0. 02
0. 0.20 0. 0.10 0. 0. -0.0% 0.05
-0.10 -0. 20 0. 30 -0. 30 0. 40 -0. 20 0. 08B -0.08
-0. 30 0. -0. 10 0 -0.30 o -0.12 0 12
-0. 40 -0. 30 -0. 40 -0. 30 -0. 40 -0. 40 -0. 03 0.03
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v -0. %0 -0. 50 -0. 80 -0. %0 -0. 30 -0. %0 o2 0. 02
2 -0. 60 -0. 70 -0. 90 -0. 80 -0. 70 -0.70 o
- -0. 70 -0. 90 -0. 90 -0. 80 -0. 60 -0.70 03 -0. 03
\ -0. 70 -0. 90 -0. 70 -0. 70 -0. 70 -0. 70 03 -0. 03
i -0. 90 -1.20 -0. 90 -1.20 -0. 90 -1.20 15 -0.1%
-1.00 -1.00 -0. 90 -0. 90 -0.80 -0. 80 00 0.00
- Test ¢ 3
- -1.5%0 ~2. 00 -2.00 -2. 00 -2.00 -2.00 o8 -0. 08
o -1.50 ~1.%0 -1.50 -2. 00 -2.00 -2. %0 17 -0.17
. -1.50 ~2. 00 -1.%0 -2.00 -1.5%0 -2.00 25 -0. 25
. ~-1. 30 ~1. 00 -1.50 -1.%0 -2.00 -2. 00 08 0.08
- -2. 00 -1.90 -2. 00 -2.00 -2. 00 -2. 00 08 0.08
-2.00 ~2.00 -2. 50 -2.%0 -2. %0 -2. %0 0.
-2. 00 -1.%0 -2. 00 -2.00 -2.50 -2. %0 o8 0.08
n -2. 00 ~2. %0 -2. %0 -3. 00 -2. 50 -3.00 2s -0. 2%
- -2.50 ~2.%0 -2.%0 -3.00 -3. 00 ~3. 00 o8 -0. 08
N -2. 00 ~2. 50 -2.50 -2.50 -2.%0 -2. 50 oe -0. 08
A -2.50 ~2. 50 -2.50 -2. %0 -3. 00 -3.00 o.
. Test & 4
g -10.00 -10.%0 -10.%0 ~-10.50 -10.%0 =-10.50 o8 -0. 08
g -9.50 -10.00 -10.00 -10.00 =-310.00 -10.00 0e -0.08

coooodboodo ooodooodooo cooododdooo ocooocod

~310. 00 -10. 00 -10. 00 -10. 00 -10. 00 -10. 00 0.
o ~10. 00 -10. 00 -310. 00 -10. 00 -10. 50 -10. 00 o8 0. 08
-~ ~10. 00 -10. 00 -10. 50 -10. 50 -10. 50 -10. 50 0.
.:: -10.00 -10.00 -10. 00 -10. 50 -10. %0 -11. 00 1?7 -0.17
- ~10. 00 -10. 00 ~10. 50 -310. 50 -10. 50 -11. 00 [« -} -0. 08
-, ~11. 00 -10. 50 -11. 00 -11. 00 -11. 00 -11. 00 o8 0. 08
Te ~10. 00 -10. 50 -11.00 -10. 50 -11. 00 -11. 00 0.
T, ~-10. 0% -11. 00 -10. 50 -11. 00 -11.00 -11. 00 24 -0. 24
Id ~10. 00 -10. 00 -10. 50 -10. 90 -11. 00 -11. 00 0.
- Test & S
-24. 00 -24. 00 -24. 00 -24. 00 -24. 00 -24. 00 0.
- ~-24. 50 -24. 00 -24. 00 -24. 00 -24. 00 -24. 00 o8 0. 08
~24. 00 -24. 00 ~-24. 00 -24. 00 -24. 00 -24. 00 0.
- ~24. 00 -24. 50 -24. 00 -24. 00 -24. 00 -24. 00 o8 ~0. 08
-24. 50 -24. 50 -2%. 00 -24. 50 -24. 50 -24. 50 o8 0. 08
. ~25. 00 -=4. 50 -24. 50 -25. 00 -25. 00 -24. 50 o8 0. 08
~24. 50 -25. 00 -24. 50 -2%. 00 -25. 00 -25. 00 17 -0.17
: -24. 50 -25. 00 -25. 00 -25. 00 -25. 00 -2%. 00 o8 ~0. 08
-25. 00 -25. 00 -25. 00 -25. 00 -25. 00 -z5. 00 0.
-2%. 00 -25. 00 -2%. 00 -25. 00 -2%5. 00 -25. 00 0.
. -23. 00 -25. 00 -25. 00 -25. 00 -25. 00 -25. 00 0.
. Test & &
s -2%. 00 -2%. 00 -25. 00 -24. 50 -24. 50 -24. 50 -0. 08 0. 08
- -24. 00 -24. 00 -24. 00 -24. 00 -25. 00 -24. 00 -0.17 0.17
-24. 50 -24. 50 -24. 50 -24. 50 -25. 00 -24. 50 -0. 08 0.08
-25. 00 -25. 00 -2%. 00 -24. 00 -25. 00 -25. 00 -0.17 0.17
-25. 00 ~-24. 50 -2%. 00 -24. 50 -2%. 00 -25. 00 -0.17 0.17
-25. 00 -25. 00 -25. 00 -25. 00 -2%. 00 -25. 00 0. 0.
-29%. 00 -25. 00 -29%. 00 -25. 00 -25. 00 -25. 00 0. 0.
-25. 00 -25. 00 -25. 00 -25. 00 -25. 00 -25%. 00 0. 0.
-25. 00 -25. 00 -25. 00 -25. 00 -25. 00 ~-2%. 00 0. 0.
-2%. 00 -25. 00 -2%. 00 -25. 00 -25. 00 -2%. 00 0. 0.
-25. 00 -25. 00 -25. 00 -25. 00 -25%. 00 -2%5. 00 0. 0.
Test & 7
. -25. 50 -2%. 00 -2%. 00 -25. 00 -23%. 00 -25. 00 -0. 0B 0.08
B -25. 00 -2%5. 00 -25. 50 -2%. 00 -2%. 50 -25. 00 -0.17 0.17
’ -25. 00 -25. 00 -25. 00 -25. 00 -25. 00 -25. 00 0. 0.
= -25. 00 -2% 00 -29%. 00 -25. 00 -25. 00 -2%5. 00 0. 0.
. ~26. 00 -2%. 00 -29%. 00 ~-25. 00 -25. 00 -25. 00 -0.17 017
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-29%. 50 ~25. 00 -25. 00 -23. 00 -25. 00 -25. 00 -0. 08 0. 08
-26. 00 ~-29%. 00 -23. 00 -23. 00 ~26. 00 -25. 00 -0. 33 0. 33
-26. 00 ~26. 00 -295. 00 -23. 00 -2%. 50 -23. 00 -0. 08 0. 08B
-26. 00 ~-26. 00 -26. 00 -26. 00 -26. 00 -26. 00 0. 0.
-26. 00 -26. 00 -29. 03 -26. 00 ~26. 00 -26. 00 0. 16 -0. 16
=-26. 00 ~26. 00 -246. 00 -26. 00 -24. 00 -26. 00 0. 0.
Test & B
-2. 950 -3. 00 -3. 00 -2. 50 -2. 50 -3. 00 0.08 -0. 08
-2. 00 -2. 00 -2. 00 -3. 00 -2. 00 -3. 00 0. 33 -0. 33
-2. 90 -2. 00 -2. 00 -3. 00 -2. 00 =3. 00 0.2% -0. 2%
-3. 00 -3. 00 -3. 00 -3. 00 -3. 00 -3. 00 0. 0.
-3. 00 -2. %0 -3. 00 -3. 00 -3. 00 =-3. 00 -0. 0B 0. 08
-3.00 -3.00 -3. 00 -3. 00 -3. 00 -3. 00 0. 0.
=3. 00 -3. 00 -3. 00 -3. 00 -3. 00 -3. 00 0. 0.
-3. 00 -3. 00 =3. 00 -3. 00 -3.00 -3.00 0. 0.
-3. 00 -3. 00 -3. 00 -3. 00 -3. 00 -3. 00 0. 0.
-3. 00 -3. 00 -3.00 -3. 00 -3. 00 -3. 00 0. 0.
-4. 00 -4. 00 -3. %0 -3. 50 -3. % -3. 50 0. 0.

Regression Equation

=33.91*T9 + 21,74%T13 - 5,01*T15 - 0.63e-4%X*T5
+ 416.68
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X AXIS

RESULTS OF YAW ERROR (erc-secs)

X axis at 40 000 mms

Y arxis at 111. 999 ams

Z axis at 660. 400 mms (indep)
Dir of laser F

Ay

Test # 1

. POS 0. S0. 100. 150. 200. 230.
' POS 300. 3%0. 400. 4%0. 500.
by TEMP 24.58 24. 88 34. 39 24. 56 24. 56 24. 92 e
: TEMP 24. 38 24.85% 24.38 24. 36 24. 46 24.38 o
. TEMP 25. 88 24. 39 24. 26 24. 29 37. 66 24. 53 .
- MEAN ~0. 28 0.26 1.31 2 70 4.30 S. 86 <
g MEAN 7.50 9.31 11.13 12. 79 13. 32 v
- sD 0.19 0.44 0. % 0. 52 0. 59 0. 61 e
- sD 0. 67 0.72 0.75 0.83 0.10 e
) Test & 2 L
- POS 0. 100. 200. 2%0. NSO
g POS 300. 3%50. 400. 450. 500. -
X TEMP 24. 9% 25. 95 34.87 20539 845 2%.76 -
> TEMP 24. 68 25.39 24. 63 24. 60 24. 92 24. 60 .
. TEMP 26. 34 24.75% 24. 41 24. 58 39. 93 2%. 02 e
. MEAN ~-1.27 -0. 42 0.73 2. 28 4. 06 5. 78 o
I MEAN 7.49 9. 34 11.12 12. 88 13. 37 v
§ -— SD 0.19 0. 40 0. 55 0. 62 0. 60 0.7
- sD 0. 80 0. 92 0. 86 0.93 0 14
= Test & 3
i POS 0. 100. 200. 2%0
. POS 300. 350. 400. 450. 500
N TEMP 25.30 27. 80 35. 46 26. 46 26. 68 26. 53
. TEMP 25 11 26. 11 25. 01 24. 96 25. 48 24. 96

TEMP 27.04 25. 16 24, 62 24. 99 40.73 25. 65
- MEAN -3. 86 -2.97 -1.73 -0. 0% 1. 62 3.39
K MEAN 5 11 7.11 8. %6 10. 77 11.38
A sD 0. 22 0. 40 0.53 0. 65 0. 6% 0.73
- sD 0. 8% 0.78 0. 85 0.87 0. 00
~ Test #
- POS 0. 100. 200. 250.
) POS 300. 3%0. 400. 45%0. %00
: TEMP 26. 02 31.83 36. 41 -26-0% 29-0% 27. 67
. TEMP 26 08 27. 16 25. 79 25 73 26. 3% 25. 59
3 TEMP 27.72 25 94 24. 63 2%. 37 41.806 26. 65

MEAN ~9. &8 -4, 92 -3. %0 -1.71 0.13 2. 09
. MEAN 4. 07 6. 25 8.19 9.85 10. 14
- sD 0.15 0. 79 0. 74 0. 82 0.79 0.9%
. SD 1 00 1. 02 1.12 1.07 0. 14
) Test #
- POS 0. . 100. 200. 2%0
- POS 300 350. 400. 4%0. 500
; TEMP 26 9% 33. 10 37.27 28. 56 29. 93 28. 37
X TEMP 26 78 27.83 26 37 26 24 27 17 26 24
2 TEMP 28 42 2, 54 25 %8B 26. 24 42 40 27. 34

MEAN -6 54 -5 &1 -4 26 -2 36 -0 4% 1. 33
, ME AN 3.42 .37 7. 32 9. 08 10- 04
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SD 0. 04

sD Q.79
Test # &

POS 0. .
POS 300. 350.
TEMP 27. 05
TEMP 27. 39
TEMP 28. 8%
MEAN -6.96
MEAN 2. .93

sD 0. 07

SD 1.1%
Test & 7

POS 0.

POS 300. 350
TEMP 27. 23
TEMP 27.74
TEMP 29. 14
MEAN -7. 48
MEAN 2. 46

8D 0.04

SD 0. 87
Test & 8

POS 0. .
POS 300. 350.
TEMP 27. 23
TEMP 28. 49
TEMP 29. 53
MEAN -8. 33
MEAN 1. 46

SD 0. 0%

SD 1. 09
Test & 9

POS 0. .
POS 300. 3%0.
TEMP 27.18
TEMP 28. 61
TEMP 29. 39
MEAN -4. 00
MEAN 6. 13

SD 0.3

sD 0.9%
Test & 10

POS 0.

POS 300. 3%
TEMP 27.18
TEMP 28. 64
TEMP 29. 99
MEAN -4 2%
MEAN 5 70

sD 0. 06

8D 0 83

100.

33.
6.
27.
-6

94
39
02
03

.07
.69
.19
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34.
26.
27.
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4.
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79
33
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83
96
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1.
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93
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26.
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-4,
7
4]
1

81
92
o2
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28
79
17
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26.
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]
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=-3.
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16

.03
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27.
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26.
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-
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28.
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-0.
11.
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42
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14
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11

46
3%
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14
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29.
43
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29
43.
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ACTUAL DATA
ROy B AT AN EE IR I N
Test 1
~-0. 04 ~0. 16 ~0. 16 ~0. 39
0.16 0.79 -0. 12 0. 63
0. 94 1. 89 0.75 1.89
2. 36 3. 27 2.13 319
3. 96 4. 954 3.70 4 B4
3. 47 &. 57 S. 28 6. 38
7. 09 8. 27 6. 01 8 11
8. 78 10. 08 8. 62 ?. 96
10. 59 11. 97 10. 47 11.81
12. 13 13. 66 12. 03 13. 54
13. 39 13. 39 13. 39 13. 39
Test & 2
-0. 91 -1. 26 ~1. 26 -1.38
-0. 35 0. -0. 87 -0. 08
0. 51 1. 34 0. 20 1.22
1.89 2 95 1.81 2.76
3.70 4.72 3. 66 4. 53
3.3% 6. 57 S. 12 & 34
6. 8% 8. 3% 6.73 B8.15
8. 70 10. 35 8. 4% 10. 08
10. 59 12. 01 10. 31 11.8%
12.13 13.82 11,97 13.78
13. 54 13. 54 13. 3% 13. 3%
Test & 3
=374 -3.70 ~-3.70 -3. 86
-3. 03 -2. 64 -3. 43 -2. 64
-2. 13 -1.10 -2. 28 -1. 22
-0, 47 0. 71 -0. 79 0. 43
0. 94 2. 36 1. 06 213
2.72 4. 13 2. 60 3. 98
4. 49 6. 18 4 17 5. 79
6. 42 7.91 6. 42 7.9
8. 03 9.80 8. 23 ?.76
10. 04 11.57 9.88 11. 69
11 38 11.38 11.38 11. 38
Test & A
-5. 63 -5.71 -5 71 -5. 51
-5 951 -4 33 ~5. 63 -3 90
-4 29 -2 72 -4 13 -2. 68
-2 48 -0 98 -2 52 -0 .83
-0. 47 0. 98 -0 5% 0 67
1. 22 3 07 1. 22 2 87
3 15 4. 96 3 .27 5. 08
5. 20 7 24 5 31 717
7. 20 9. 49 7. 20 5 21
8. 82 10 7% 8 86 10 83
9 95 9. 96 10. 24 10. 24
Test & 5
-&. 54 -6 50 -& 50 -6 57
-5 98 -5 43 -5 83 -5 16
-4 &% -3 82 ~4 76 -3 S8
-2 9% -1 8% -3 15 -1 6%
-1 10 0. 47 -1 02 -0 12
0 5% 2 13 0. 83 1. 6%
e 72 4 17 2 b4 3 %94
$.57 6 26 a.47 &8 .02

A e

e s s
Ww=o

U
-

=0.
.04
. 50
.23

-6

-6
-a.

-3

woounodd

35
7%

b6
81

o8
31

.97
.19

94

96

. 69
. 39
.1Q
.01
. 23

. 86
. 46
.17
.71

10
87
29
38
31
00
38

.91
.71
. 02
.36
.71
. k2
.07
. 43
.13
. 94
. 24

s7
10
72
11
2
9
76
40

-4
-1

VN> PW-OO

a0

33
43
-1-]
07
-}
26
91
84

.61
. 43
.19

. 4R
.28
.06
. B8O
. 49
. 34

19

.08
.81
.98

. 23

. 60

31
13
02
79
64
61
44
a8

.91

.15
.10
.87
. 91
.92
. 13
.90
. 94
.24

-2

16
02
46
28
89
29

-42
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.77
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. 79
.71
=0.
-0.

34

57
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1)

77
79

. 0%
-0
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65
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&6
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(-1
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N & 26 B 1% 6 57 8 39
- 8 07 9 76 8 27 9 96
- § 76 9 76 10 16 10 16
-~ Test & &
I -6 93 ~7 0% -7 0% -6 89
-6 &1 ~% 63 -6 57 -5 24
- -5 08 ~3 94 -5 47 -3 98
-3 54 ~2 01 -3 82 -2 32
- -1 93 -0 29 -2 09 . =0 47
0 31 1. 61 0 0a 1.81
2 28 4 02 1.73 4 02
. 4 4 6 06 3 86 6 38
& 50 8 07 6 14 g8 66
I 8 19 10 20 e %8 10. 3%
7 49 % 49 % 53 9 53
- Test & ?
- -7.%2 ~7. 44 -7. 44 -7. %2
. -7.0% -5 98 -7. 01 -6 18
. -5 87 -4 93 -5 87 -4 B4
- -4 21 -2.91 -4.13 -2 9%
- -2 28 -0. 83 -2.17 ~1.14
) -0 28 1.14 -0. 3% 1.10
- 1. 6% 3 4 1.73 3. 23
. 3 74 s 55 3. 66 S 47
- & 02 7. 80 5. 91 7. 64
7 83 9. 69 7.83 9. 53
- 913 9. 13 9 a3 9 41
. - Test & B
-8. 39 -8. 27 ~8. 27 -8. 3%
-8. 31 -7.13 -8. 31 -7.32
-7.13 -5 43 ~7.13 -5 51
-5 31 -3.%0 -9 12 ~3.78
-3.3 -1.8% -3.3% ~1.89
-1.38 0. 39 ~1.%0 0. 04
0. 95 2. 20 0. 31 2 68
‘ 2 87 4. 69 2 91 4. 72
v 4.9 6. 85 S. 04 7.13
' & 77 8. 90 6.77 8.78
- 8. 31 8. 31 8. 23 8.23
Test & ©
- -4. 61 -3.86 -3. 86 ~3.82
- ~4.13 -2.32 -3 %8 ~2. 64
- -2.32 -0. 98 ~-1.97 ~0. 7%
-0.87 0.83 -0. 16 .73
1.14 3.31 1. 69 3. 1%
312 5. 04 3. 54 S 04
) 4.88 6.77 s &7 7.17
6. 93 9. 49 7. 52 9. 49
9.02 11.06 9. 61 11. 34
10. 94 12. 99 11. 10 13.03
. 12. %6 12. % 12. 9% 12. 9%
Test & 10
-4.17 -4.29 -4 29 -4 29
-3 66 -2.63 -3. % -2.76
) -2 36 -1.10 -2. 40 ~1.18
N -0.79 0.39 -0.87 0. 47
) 1.18 2. 40 1.10 2 36
" 3 03 4. 41 315 4 4%
. 4 96 & 46 5. 00 &6 S0
- 7 0% 8 74 7 24 g 82
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10. 67
12. 80
12.17

9. 29
11.06
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1.16%T2 + 1.42%T8

10. 98

12. 91
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0.35e-1*X
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TESTY o TEST2 4 TESTI » TESTY o YESTS 4 TEST6 g TEST7 7 TEST® y TESTS x TESTIO
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Y AX1S

RESULTS DOF POSITION ERROR (micron)

X axis at 140. 000 mms
Y axis at 340. 000 mms
2 azxis ot 230. 000 mms

Dirv of laser F

Test & 1

POS 0. 100, 150. 200. 2
POS 300. 3%0. 400.

TEMP 25.75 27. 99 27. 91
TEMP 27. 50 k7. 08 26. 3%
TEMP 25. 66 29. 5% 27. 50
TEMP 26. 16 39.79 26. 50
MEAaN 10. 33 -10. 93 -7.97
MEaN 3.13 9. 68 10. 53
SD 5. 02 1.30 0.91
8D 0.83 1.21 0. 40
Test & 2

POS 0. 100. 200. 250.
POS 300. 350. 400.

TEMP 27. 38 3277 32.77
TEMP 29.74 28. 88 28. 57
TEMP 26. 66 32. 82 30. 23
TEMP 27. 47 41. 86 29.10
MEAN S. 68 -4.18 1.08
MEAN 21. 82 30. 3% 31.53
8D 0.71 0. 82 1. 56
SD 2. 42 3. 60 0. 89
Test @ 3

POS 0. 100. 200. 250
POS 300. 350. 400.

TEMP 27.79 37. 42 37. 47
TEMP 31.78 31.30 30. 96
TEMP 28. 23 35. 69 32. 05
TEMP 29. 01 42. 50 29. 10
MEAN 20. 85 26. 57 35. 54
MEAN 68. 47 B81. 82 85. 74
sp 2. 33 1.83 1.79
sD 3. 27 4. 54 3. 54
Test & 4

POS 0. 100. 200. 2
POS 300. 350. 400.

TEMP 27.75 37. 42 37. 47
TEMP 31.78 31.30 30. 96
TEMP 28. 203 35. 69 32. 0%
TEMP 29. 01 42. 50 30. 80
MEAN 20. 85 26. 57 35. 54
MEAN 6B8. 47 81. 82 85. 74
sD 2. .33 1.83 1.79
SD 3. 27 4. 54 3. 54
Test ¢ 5

POS 0. 100. 200. 2
v053 300 350. £08.

TEMP 2190 39.97  38.35

i

S,
ol

27.
.13
26.

30.
28.
29.

33.
30.
30.

45,

33.
30.
30.

45

33
94

.92

. o8

3%
06
23

.58
.17

57
|7
84

64

. 94

57
a7
B4

&4

. 94

354,32

27,
25.
26,

29.
27.
26.

30.
29.
30.

50

30.
29.
30.

50.

87
88
65

. 62

. 67

93
a7
62

.97

&9
57
50

67

.41

69
57
50

&7

.41

30.8%
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TEMP 32 A4 32. 07 31. 99 31. 22 0 87 e -10)
TEMP 2%. 01 36. 19 32.73 33 52 3. 2% 29 99
TEMP 29. 74 42. 67 30. 80

MEAN 295. 80 32. 22 40. 87 32 0% %6 3% &b 20
MEAN 76. 55 90. 60 99. &7

SD 1.93 1.78 1.68 3.01 .79 2 9
SD 3. 69 4.86 3. 22

Test @ 6

- e 2o e

POS 0. S$0. 100. 150 200. 2%0.

POS 300. 350. 400.

TEMP ~ 27.5%0 37. 68 39. 41 35. 34 30. %0 2 9
TEMP 32 &6 32. 47 2.3 1. 57 31. 09 29 &>
TEMP 29.13 36. 42 32. 92 31.82 3120 29 9%
TEMP 29. 67 42. 38 31.00

MEAN 40. 85 48. 90 &60. 28 73 8% 81 A7 93 17
MEAN 103. 70 119. 35 129. 26

sD 2. 09 2. 06 2. 80 3.57 333 3 e2
sD 4. 61 S. 89 4.40

Test & 7

- - —

POS 0. 50. 100. 150. 200. 250.

POS 300. 350. 400.

TEMP 2?. 33 35. 76 36. 74 33 66 30. 29 32 32
TEMP 32. 37 32. 3% 32. A7 31. %0 31. 41 29 9
TEMP 29. 63 4. 62 32. 62 31. 53 31.9%0 0. 27
TEMP 30. 10 42. 22 31. 50

MEAN 13. 67 18. 65 26. 33 36. 59 41 .74 47.79%
MEAN $7. 33 70. 08 74. 04

SD 0. 38 0.72 1.41 2.75 e 11 2 11
SD 2 87 4, 08 0.23

POS 0. S50. 100. 1%0. 200. 2%0

POS 300. 350. 400

TEMP 27.35 36. 09 37. 81 35. 12 29. 39 32. 23
TEMP 32 20 32. 30 32. 44 31. 52 31. 18 29. 70
TEMP 29. 39 36. 08 32. 40 31.43 31.28 30.12
TEMP 29. 85 41. 20 31. 50

MEAN 40 87 49. 55 61. 32 73.75 81.30 9. 1%
MEAN 104. 79 120. 43 126. 33

SD 1. 54 1. 92 2 21 3 21 2. B4 3. 65
SD 4. 34 S 32 4.42

POS 0. 50 100 150. 200 250.

TEMP 27. 23 3620 38. 09 J4. 99 28. 89 32. 09
TEMP 31. 93 32.17 32. 39 31. 91 31. 22 29. 74
TEMP 29. 42 35 e 32. 24 31. 29 31.13 30. 02
TEMP 29. 74 40.76 31.50
MEAN 44. 58 53. 00 b4, 52 78. 15 85. 91 95. 50
MEAN 108. 85 124 68 129. 70
SD 1.87 1.86 2. 34 3. 61 3. 06 3. 6%
SD 4. 49 S. 43 4. 38

POS 0. 50 100. 150. 200. 250
POS 300. 350. 400
TEMP 26 63 35 84 3807 34. 93 28 5% 31 88
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. 00
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Test & 3
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89. B!
Test & 4
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34. 60 33. 90 32 10 32. 10 30. 30 30. 30 0. 12 =0.12
A2 40 43 50 39. 80 40. 90 38. 20 40. 40 «0. 73 0.73
52. 40 56. 40 49. 8O $3. 50 47.70 S52. 51 -2. 08 2.08
59 &9 62. 19 56. 70 59. 80 54. 31 $7. 40 ~-1.45 1.45
68. 10 70. 21 64. 90 &67. 34 61. 90 64. 80 ~-1.24 1.24
77.91 e2. 31 74. 31 78. 19 71. 81 74. 80 -1. 688 1.88
90. 61 97. 60 87. 10 93. 90 83. 80 90. 61 -3. 43 3. 43
99. 30 99. 30 93. 61 95. 61 92. 10 92. 10 0. 0.

43. 80 41.90 41. 90 39.80 39. 80 37.90 0. 98 -0. 98
51.680 50. 40 49. 10 48. 70 47. 30 46. 10 0. 50 =0. 50
62. 60 64. 00 9. 80 60. 90 86. 80 57. 60 -0. 35 0. 55
7% 10 78. 60 71.79 76. 10 é8. 41 73. 10 -2. 08 2. 08
83. 40 86. 20 80. 00 B82. 79 76. 80 79. 61 -1. 40 1. 40
94.10 96. 43 89. 60 92. 41 85. 49 89. 00 -1. 44 1. 44
106. 41 109. 89 101. 41 105. 99 96. 96 101. 50 -2.10 2.10
120. 70 127. 81 115. 91 122. 99 110. 81 117. 89 -3. 55 3.5%
130. 49 130. 49 124. 79 124. 79 120. 51 120. 5% 0. 0.

Test & 7

14. 30 13. 80 13. 80 13. 40 13. 40 13. 30 0.17 -0.17
19.20 19. 50 18. 20 18. 90 17. 50 18. 60 -0. 35 0.35
2%5. 50 2B. 20 25. 00 27. 40 24. B8O 27. 10 -1. 23 1.23
34. 61 39. 51 34.10 38. 70 33. 60 39. 00 ~2. 48 2. 48
39. 51 44 10 39. 90 43. 30 40. 10 43. 30 -1. 90 1.90
46. 40 50. 20 45. 30 49. 39 45. 90 49. 30 -1.68 1.8
55. 21 60. 79 54. 81 59. 39 54. 29 59. 51 -2. 9% 2. 56
66. 99 74. 5B 66.19 73.70 66. 01 73. 00 -3. 68 3. 68
74.01 74. 01 74. 31 74. 3% 73.79 73.79 0. 0.

42. 80 41. 80 41.80 40. 10 40 10 38. 60 0.70 -0.70
S52. 40 51.10 4%9. 70 48. 80 47.80 47. 50 0. 42 ~0. 42
63. 00 64. 50 60. 80 61. 40 58. 30 59. 90 -0. 62 0. &2
74. 91 78. 29 71. 90 75 81 69. 31 72. 30 -1.71 1.71
83. 30 85 21 80. 20 82. 31 77. 39 75.41 -1.00 1. 00
94. 10 96. 21 8%. 71 92. 30 86 70 8B. 10 -1. 02 1.02
106. 90 110 90 102. 51 106. 99 98. 60 102. 81 -2. 12 2 12
123. 89 128. 30 117. 40 123. 11 112.70 119. 20 -3.10 3.10
131. 29 131. 29 126. 31 126 3% 121. 40 121. 40 0. [+)
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125. 21
134 61

115 30
131. 90
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129. 79
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112. 30
128. 60
129. 79

102 60
116. 613
125 49

108. 31
123. 43
125. 49
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Y AX1IS
RESULTS OF HORIIONTAL STRAIGHTNESS (micron)

7

X azis at 197 64 ams
Y azas at 299 99 ams
Z arxis ot 168 36 mms
Dir of laser F

Tests 1
- POS 0. 50 100 1350 200 250. 300
TEMP 19 93 22 10 23 52 23.70 20.87 22. 53
TEMP 22 88 22 39 22 .76 21.%8 21.76 20. 9%
. TEMP 21. 02 24 82 22 85 22 36 22. 39 22. 0% Er1'r
) TEMP 22 00 33 26 22.73 v
) MEAN -1 17 -0. 34 -0. %8 -0. 60 0. 53 -0. 61 -1.10 F(
. sD 0 19 0.15% 0.23 0. 10 0.16 0.51 0. 24 .
E Test# 2 ks
- - — A e S - . .‘P
-2 POS 0 50 100. 130 200. 2%0. 300 Q&
TEMP 19. 83 22. %% 24. 57 24. 32 20.97 23. 04
TEMP 23. 07 22 %8 23. 02 21.81 22. 01 21. 22
TEMP 2122 2%. 97 23. 27 22. 60 22. 87 22.23
TEMP 22 28 33. 44 22. 97
MEAN 0.13 ~0.76 0. 01 0.78 1.87 1. 69 0.13
sD 0. 05 1.70 1. 66 1.27 1.20 1.23 0. 05
Testd 3
PDS 0. 50. 100. 150. 200. 250. 300
TEMP 18. 80 20. 59 22. 89 23 24 20. 07 22. 23
TEMP 22 18 21.93 22. 37 21.16 21. 41 20. 69
TEMP 20. 79 24 22 22. 30 21.98 21.91 21.83
- TEMP 21. 38 32. 23 22 24
. MEAN -0 &8 ~1 43 -0.94 -0. 16 0. 99 0.43 -0.73
' sD 0 19 1 35 1. 39 1.27 0.97 1. 07 0. 14
i Test® 4
POS O S0. 100. 150. 200. 250. 300
TEMP 19 77 22 2 24 64 24. 25 21.12 a2. 92
- TEMP 22 8% 22. 3% 22. 72 21. 6% 21.71 21,12
-~ TEMP 21 09 26 19 23.19 22. 50 2. 45 22. 16
. TEMP 21 94 33. 22 30. 27
“ MEAN -3 07 -2 45 -1.72 -2. 47 ~1.93 -2.22 -3.07
K SD 0 23 0 48 0. 53 0.31 0.73 0. 69 0.23
) Test# 5
- POS 0. 50 100 150 200. 250. 300
TEMP 20. 33 25 67 27. 43 25. 64 22. 15 24. 07
TEMP 23.85% 23 36 23. 60 22.72 22. 49 21.83
. TEMP 21 63 27.53 24 37 23.38 23. 33 22. 74
- TEMP 22 49 34. 20 32. 10
. MEAN 15 28 16. 60 16. 56 16,19 16. 89 15. @8 1530
i sD 0 04 0. &6 0.71 0. 53 0.48 0. 38 o
. Test® &
K FOS 0 50 100 150 200 250 300 R
.. TEMP 20 33 26 31 28. 12 26 24 22. 40 24 47 s
s TEMP -4 25 23 71 23 95 23 07 22 79 22 10 o
: TEMP 21 83 28 05 24 &9 23 7 23 68 22 94 ﬁ'
)
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TEMP 22.77
MEAN 14. 32
SD 0 12
Teste ?
POS 0.
TEMP 21 00
TEMP 24.75
TEMP 2. 26
TEMP 23. 20
MEAN 16.72
SD 0.12
Teste e
POS [0)
TEMP 21.1%
TEMP 2%. 22
TEMP 22. 81
TEMP 23.7%
MEAN 14 .88
Sh 0. 04
Test# L
POS 0.
TEMP 1. 00
TEMP 25. 62
TEMP 22. 99
TEMP 23. B0
MEAN 13. 35
Sp 0. 28
Tests 10
POS 0.
TEMP 20. 83
TEMP 2%. 39
TEMP 23. 20
TEMP 23. 94
MEAN 14, 5%
SD 0. 18

ACTUAL DATA

SRR E R RN
Testéh =
-1.20 ~1.20
-0. 48 ~0. 48
-0. 47 ~0. 57
-0 5% ~-0.7%
0.57 0. 37
-0. 22 0. 08
-1. 20 -1. 20
Testdd = 2
0 10 0. 10
-2. 37 0.83
-1 43 1. 37
-0 70 1.70
O 43 2 63

e L oy e————

50

50

S0.

50.

34 40
15 43
0 20

100 150

27.13

24 23
28. 54
34. 80
1B. 64
0. 26

100. 150

27. 95
25. 03
28. 55
35. 07
15. 55

100. 150

27. 55
25, 32
29 16
35. 02
14. 80

100. 150

24 34

27.30
34.90
16. 2%

-1.20
-0. 45
=0. 60
-0. 55

-1.15
-1.30

-2.18
~1.77
~0. 4%

250

32 72
15 41
0 13

200 250
29 11
2448
@519
42 61
18. 29

200 250
30.01
25. 30
2559
a5 79
15 56
0. 4%

200. 250
29. 89
29. 64
2579
46. 36
15. 18

0. 63

200. 2%0.
27.4%
@5. 86
25. 42
47. 33

16. 6&

0. 48

-1.30
-0.17
-0. 23
-0 70

~-1.03
-1.30

20
33
37
10
73

NL- OO

15 94

o]

16

300.
26 93

23
24,

47
o0

18. 09

0.

29

300.

27
24
24.

16

0

57
07
58

27
60

300.

28.
24,
24,

14.
o]

26
39
ee

31
S8

300.

27.
24
24.

16.
.70

-1.
~0.
-0.

-0

-

-1

55
21
78

09

30

93
35

. 43
~Q.
-0

o8
80

. 20

33
27
10

.07

22

®3

24.

17.
. 96

22.
23.
24.

W.
24

24.

13.
. 67

pa i)

24.
24.

14
. 88

-0.
~0.
~0.
-0.
.77
-0
-0.

We==0

67

-
-

78
a2

19

89

96
P2
91

.03
.65

94
7

98
B8s

56
56
8

89

80
23
67
50

37
80

10
1%
80
5
40

”
-

22

23

18

25
23
23.

15,

25,
23
13.

25.
23.
24,

14.

.10
.13

.07

48
18

26

. 60

79
o8
&0

S8

.37

91

.21

90

S

.44

81
2%

o2

70

.98
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o 27

0 10
Testh

-0 40

-2 28

-2 37
-0 45
0. 67
Q. 18
-0. 60
Test
-3. 10
-2.78
-2. %7
-2.9%
-3.03
=-3.12
-2. 80
Testé
15 20
17. 0%
16.70
16. 65
17.30
16 15
15 30
Tests
14 40
15 2%
1530
15 85
15 90
15. 15
14, 40
Test#
l6. 90
19. 10
18 60
18. 50
18. 00
17. 80
16 60
Tests
14 80
15 55
15. 00
15 65
16. 50
15. 55
14 90
Test#
13. 50
15 37
16. 03
14 590
14 97
13 93
13. 00
Tests
14 70

47
10

20=NOOOOWON

&0

&7
o5
23
82
. 60

.80
.13
.37
. 00
.43

. BO

L T T |
N~ N

15 30
16 .07
16. 43
16. 00
17. 07
13. 33
15. 30

1440
13 .63
15. %0
1603
15. 80
15 25
14 40

16. 40
18. 55
18. 00
17. 795
17. 30
17. 78
16. 60

14. 90
16 07
16. 03
16. 60
16. 27
1% 93
14 90

13. 00
13 98
14 37
13 %5
13. 23
13 22
13. 00

14 50

78

-
-

&0

.73

. 60

03

.97
. 90

.80
.78
. &7
. 4%
. &3
.82
. 30

.30
.17
.73
. 60
. 87
.13
. 30

. 40
.38
.27

03

. B3
. 22
.30

. 60

62

.43
. 0%
. a7
. 88

70

. 90
.27
.93

50

.77

03
90

. 00
. 30
. 50
.70

0
70

. 60

50

3
(o]

-0
-0

~0.
. 95
. A7
. 68
-0

-3

-2.
-1
-2.
-1.
-2
-3

15.
16.
16

15.
16.
15.
15.

14,
15.
15.
16.
15.

15

14

16
i8
7.
17.
17.
i8
16

14.
15.
15.
16.
15.
15.
14,

13.
14,
15,
14.
13
13.
13.

14

07
20

. 90

18
27

90

30
17
73
40
57
43
30

30
27
03
70
17
53
30

30
47
43
00

03
30

70
43
87
80
23
47
70

{0
47
73
50
47
93
90

60
80
30
20
80
90
60

40
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73
10

. 90

90

.10

70

.10
. 50
.70

. 30
.07
. 93
. 60
.07
. 03
.10

.30
.33
.77
.70
. 43
. 27

. 30
.18
.37
-1
. 63
.92
. 10

.70
.75
. 30
. 25
. 70

3%

. BO

. 90
. §3
.57
. 30
. 23
.27
. 90

. 60
.43
.37
.80
.13
. 57
. 40

. 40

R b oo e 4ot
]
e 8% -1 10 1 10
0.10 4] [¢]

-0 70 0 0% -0 05
0.03 -1. 21 1 21
0 47 ~1.23 1.23
0. 90 ~1. 09 1 09
1.73 -0. 82 0 8
.37 ~0. 86 0.86

-0.70 0. 4]

-3.10 0. 0.

-1.83 -0 42 0. 42

-1. 07 -0. 33 0. 33

~2. 40 -0. 20 0. 20

~1.03 -0. 58 0. 58

-1.57 ~0. 43 0. 43

-3. 10 0. o]

15. 30 -0. 02 0. 02

15. 73 0. 58 -0. 88
15 67 0. 51 -D. 5%

15 S50 0. 46 -0. K6
16. 53 0.3 -0. 31

15. 87 0. 30 =0. 30

15. 30 0. 0.

14 10 0.0% -0.0%
15. 65 -0. 16 0. 16
15. 60 -0. 10 0. 10
16. 05 -0. 09 0. 09
15 20 0.12 -0. 12
15. 05 -0. 01 0. 01
14. 10 0. 00 0. 00
16. 80 0. 02 -0. 02
18. 37 0. 19 -0. 19

18. 33 0. 22 -0. 22
18. 20 0.17 -0. 18

17. 87 0.43 ~0. 43

19. 33 -0. 2% 0. 2%

16 B0 -0. 00 ~0. 00

14. 90 -0. 02 0. 02

1603 -0. 30 0. 30
16. 07 -0 3% 0. 39

17. 10 -0 45 0 45
16 93 -0 19 0. 19
15. 77 -0. 30 0. 30
14. 50 0. o
13. 40 0. 02 -0. 02
13. 90 0.57 -0 57
14. 50 0. 44 -0. 44
13. 70 0. 49 <0 49

13. 10 0. 48 -0 48
12. 80 0. 21 -0 21
13. 40 ~0. 00 -0 00
14. 80 ~0. 02 0 o2
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36 ~0. 36
as -0.33
rvs -0. 44

16. 40 1%.77 17.03 15 62 16. 40 16. 27
16. 80 16.13 16. 67 1603 17.30 16.83
16 10 15. 00 16. 50 1565 17. 00 16.30

©oo0000

','? 15. 50 13. 97 15. 93 13. 87 19. 50 14. 57 76 -0.76
A 15. 00 13. 23 15.17 14 08 16.10 14. 63 72 -0. 72
o 14. 50 14. 50 14.40 14. 40 14. 80 14. 80 -0. 00 -0. 00
s
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TEST1 , TEST2 4 TEST3 , TESTY o TVESTS 4 TESTE

- 30.00 4

20.00

10.00

R

?
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K

VERT ST(MICRON)IMEAN

a -20.00 . : - '
2000 250.0 300.0 350.0

)
- 0.0 50.0 100.0 ISY.’,‘.
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TESTI o TEST2 , TEST3 » TESTV o TESTS o TESTE -
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Y AXIS
RESULTS OF VERTICAL STRAIOHTNESS (micron)

X axis at 164. 440 mnms
Y axis at 299. 999 ens
Z axis at 162. 999 ans
Dir of laser F

Tests 1
POS 0. 50. 100. 150. 200. 2%0. 300
| TEMP 24.27 27. 01 28. 21 28. 09 26. 43 27. 26
TEMP 27. 53 26. 48 2s. 87 25. 50 2s. 87 24. 59
TEMP 24. 8¢ 29. 62 27.33 26. 57 26. 67 25. 74
TEMP 25. 89 38. 88 26. 97
MEAN -1.17 -0. 48 -1. 46 -1.93 -1.98 -1.86 -1.40
sD 0. 64 1. 45 1.13 1.24 1.19 1.37 0.15
Testw 2
POS 0. %0. 100. 150. 200. 2%0. 300.
TEMP 24. 92 26. 23 29. 87 29. 69 27.30 28. 70
TEMP 26. 69 28. 04 28. 43 27.01 27. 16 26.18
TEMP 26.13 30. 81 28.79 28. 01 268. 11 27.33
TEMP 27.18 39. B1 28. 46
MEAN 0. 22 0. 80 0.01 -0. 48 -0. 34 -0. 3% -0.03
sD 0. 59 1.01 1.07 0. 92 1. 20 1.10 0.10
Teste 3
i POS 0. 50. 100. 150. 200. 250. 300.
b= TEMP 24. 89 29. a1 31. 04 30. 53 27. a1 29. 07
TEMP 29. 09 28. 36 28. 78 27. 46 27. 48 2¢. 43
TEMP 26. 31 32. 16 29. 22 28. 31 20. 36 27. 56
TEMP 27. 36 39. 61 28. 62
MEAN 2.85 3.5 2.53 2.16 2.07 2.04 2.87
Sb 0.08 1.29 0.88 1.03 1.14 1.02 0.05
Toesté 4
POS 0. S50. 100. 150. 200. 250. 300.
TEMP 24,85 30. 36 32. 18 31. 20 27. 31 2%. 39
TEMP 29. 29 28. 63 29. 02 27. 82 27. 63 26. 65
TEMP 26.38 32. 83 29. 46 26. 48 26. 48 27.7%
TEMP 27. 46 39.70 36. 54
MEAN ~7.25 ~6.76 ~7. 63 -8. 19 -g. 34 -g. 54 -7. 47
SD 0.52 1.4 1.75 1.70 1.70 1. 62 0. 86
Testw 5
POS 0. 50. 100. 150. 200. 2%0. 300.
TEMP 24.78 31. 97 33. 91 32. 29 27. 35 29. 74
TEMP 29 87 29 01 29 35 28. 30 27. 94 26. 94
TEMP 26. 87 33. 55 29. 84 28. 77 28 74 27. 91
TEMP 27. 62 39. 71 38. 04
MEAN -14. 8% -14.59 -15 38 ~-16. 06 ~16. 0B -15 96 -15. 23
SD 0.83 1. 62 1. 80 2 01 2 09 2 03 0o 23
Testh -3
POS 0. 50. 100. 150. 200. 250. 300
TEMP 24,33 26 17 27. %8 29 00 25 83 27 59
TEMP 28 00 27 54 27 %8 26. 81 26 o1 26. 02
TEMP 25 93 25 83 27. 81 27 27 27 55 26 93

SRR CHOR
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TEMP
MEAN
SD

26 76
15.9%
0. 48

ACTUAL DATA

Testd
10
10
20
20
30
10
. 30
Testé
40
90
30
80
00
10
.10
Test#
.70
4. 18
3. 27
3. 0%
2 83
2. 92
2. 90
Testd
-6. 60
-5. 08
-5. A7
-6. 4%
-6. 63
-7.12
-6. 90
Testé
-13. 20
-12. 68
-13. 17
-13. 5%
-13. 13
-313. 32
-15. 00
Testé
16. 10
17.97
17. 13
16. 20
16. 47
16. 53
16. 50

[}
moo00omO

O Or e

L]
]
-

. 30
.73
.67
. 40
.23
. 47
. 30

]
LU
ON™~WWWN -

.10
. 32
.83
.19
.67
. 38
. 10

1YLt
00

90
22
63
19
07
o8
90

PSR~ NNWO

-~6. 90
~7. 53
~8. 67
~9. 20
~9. 43
~9.37
~6. §0
- 5
-1%. 00
-15 68
-16, A7
-17. 6%
-17.53
-17. 42
-15. 00
= &
16. 50
15 63
1%. 07
19 60
14 43
14 17
16. 50

az
16

-1.

-0
~1
~1.
~0.
-1

-13.
-13
-13.
~14.
~15.
~14.
~15.

16.
17.
17.
16.
16

16

15.

nyvwwwen doooomo

30
02
87
15
23
92
60

10
oe
77
2%
13
42
10

90
43
o7
30
03
77
90

.90
.62
.13
. 4%
. 47
.78
. 60

00
23
97
70
13
87
20

50
78
37
75
83
92
S50

Regression Equation
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-1

-1

-2

-3

-3
-3
-1.

=-0.
-0

-1
-1.
-1.
-1.
-0.

-7.
.03
-9.
-9.
-9.
-10.
-7.

-15.
-16.
-17.
-17.
-18.
-19.
-15.

13,
15
14,
14,
13
13

15

NOOm~NN

86
01
32

&0
73
S7
00
13
07
60

10
03
20
63
80
3%
10

90
43
67
10
93

.97
. 90

60

27
70
63
07
&0

20
07
13
90
17
03
20

50
ez

oY
a7
ee
50

-1.
-0.

-0

-1.
-1,
-1.
-1

] ]
[ X-XoN]

hNUwRnWeEN ODO

-7.
=
~6.
-7.
~7

~7.
-7.

-15.
-13.
-14.
-14.
-14.
-15,
-15.

13,
17.
17.
16.
15

15.
15

. 49

.28

60
33
87
30
33
37
3Q

.10
.69
. 80
.18
. 40
. 35

10

90
20
60
90
40
20

60
88
67
15
43
42
90

52
23

57
o8
S0

S0
75
10
45
70
55
&0

-1.
-1
-3
-2

-2
-2.
-1

-0.

-0.
-0.
-3
-3.

-0.

L E b

-7.
-8.
-9.
~10.
-10.
~10.
-7.

-195.
~16.
~17.
~18.
~17.
~16.
~15.

195,
135,
14.
13
13.
13

15.

. 08
. 48

30
18
%7
55
63
42
30

10

. 0%

a0
L 4]
20
23
10

80
se
97
45

.13

%0
43
$7
20
43
47
90

50
37
33
00
97
03
S0

60
47
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90
17
13
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Y 8x35%
RESULTS DF P1TCH ERROR (arc~sec)

X axis at 126. 573 mms
Y axis at 140. 000 mms
Z asxis st 237. 4698 mms
Dir of laser F

Test & 1
fQO8 0. S0. 100. 150. R00. 250.
pOs 300. 350. 400.
TEMP 20. 8% 21.87 axo7 20 % 22 41 21. 87
TEMP 21. 70 19. 8% 19. B4 1B. 87 18. 99 18. 45
TEMP 18. 20 23. 60 21. 62 20. &8 20. 33 19. 62
TEMP 19. 25 34. 61 21.10
MEAN 0. 26 0.35 0. 11 -0. 58 ~1.10 ~1.3%
MEAN -2 0% ~2. 61 -2. 51 .
sD 0. 12 0.3% 0. 26 0. 26 0. 24 0.36 g
sD 0.41 0. 46 0. 0% K
Test 2 »
POS 0. 50. 100. 150. 200. R50. SRR
POS 300. 350. 400. Ll :
TEMP 22. 02 2%. 21 23.81 23.04 23. 81 23.17 ° 4
TEMP 23. 04 21.86 21. 41 20. 82 20. 00 20. 05 R IR e )
TEMP 19. 41 26. 34 23. 46 22. 83 21.83 21.07 IO KN
TEMP 20. 5% a3%. 66 Ab. 30 3
MEAN c. 33 0. 54 ~0. 06 ~0. 83 -1.3 -1.85 .o -
MEAN ~2. 51 -3 14 ~2. 8% Ph 5y
sp 0.18 0. %8 0. 50 0. 40 0. 51 0. 63 . %
sD 0. 62 0. 69 0.31 b -
Test & 3
POS 0. 50 100 13%0. 200. 2%0.
POS 300. 350. 400
TEMP 22.38 28. 50 28. 50 25.83 25.00 24. %8
TEMP 24. 823 23. %57 23.33 22. 61 21. 87 21. 40
TEMP 20 84 28. 55 2%, 32 23. 97 23. 43 2. 84
TEMP 21.90 36, 62 As. BO
MEAN -4, 0% -4 D4 ~4. &9 -5 63 -6. 3t ~7. 01
MEAN -7. 72 -B. 48 -8. 1%
sD 0. 09 0 48 0. 64 0 %6 0. 65 0. 71
sD 0. 66 0.71 0. 12
Test & 4
POS 0. SO. 100 150. 200. 2%0.
POS 300. 350. 400
TEMP 22. 90 30, 22 30. 4% 27.52 5. 46 2% 87
TEMP 25 6% 24 &7 24. 52 23 71 23. 0% 22.18
TEMP 21.74 29 76 26. 14 24. 72 24.32 23. 05
. TEMP 22 68 37. 41 37. 30
MEAN 1.8 0 93 0.24 -0. 83 ~1.74 -2. 40
MEAN -3 34 ~4. 25 -4. 50
T SD 0. Qs 0.33 0. 24 o 0. 30 0. 35
> sD 0.38 0 a2 0. 10
- Test » 5
. POS 0O 50 100 150 200 250
POS 300 350 400
TEMP 22 9% 32 30 32 76 28 87 25 94 26 B7
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2.
23.
-0
-5.

0.

23.
27.
23.
24.
-9.

22

60 5.
62 30.
48 37.
20 -0
28 -6
.11 0.
57 0.
0. S0
300. 350.
00 33.
50 27.
64 30.
51 38.
34 -9.
.02 -16.
.16 1.
.75 1.
0. 50
300. 3%0.
.63 30.
. 43 27.
.20 29.
.93 36.
.83 -1
. 54 -7.
. 27 0.
. 63 0.
0. S50.
300. 350.
.96 33.
.08 28.
.92 31.
.93 37.
.83 -14,
. 30 -21.
.09 0.
. 49 0.
0. 350
300. 330.
.78 33.
. 248 28.
.18 32.
.73 37.
. 60 -17.
26 -24.
14 (o]
49 (o]
0. 50.
300. 350.
70 32.

74
77
98
46
2%
45
56

100.
400
=8
13
76
31
63
22
81
80

100.
400.
38
11
59
29
05
72
59
&9

100
400.
59
12
99
89
34
24
56
53

100.
400.

58

39

11

o2

17

36

. 99
. 58

100.
400.
et -
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25.
26

37.
-1
=-6.

150.

33.
27.
27.
S1.
~-10.
-16.
1.

150.

32.
27.
27.
335.
-2.
~-7.

150.

34.
26.
28.
46.
-13.
-21.

150.

3%.
28.
28.
49.
-18.
-24.

150.

33.

69
92
20
52
27
40
05

200.

38
03
74
30
77
0%
93

.77

200.

10
41
70
30
08
8%

. 48
.13

200.

63
22
47
50
58
57

. 47
.03

200.

-3
56
70
10
48
66

.93
.05

200.

54

24

ad.
-2

250.
29.
26.
26.

-11.

1

250.
29.
29.
26.
-3.

0.

250.

250.
31.
27.
27.

-19.

250
30

83
50

49

38

a2
o8
37
93

80

14
67
53
24

50

.31
. 42
.22
.78

.37

62
63
o1

76

. 40

44

24 20

25. 25
-3. 5%

0. 37

26. 20
25. 59
26. 30

-12. 97

26. 18
295. 69
26. 70
-4 42

0. 44

2%5. 80
26 95
26. 98
-17. 96

0. 41

25. 50
27. 26
27.19
-20. 95

0. 44

25 37

23
&3

-4

27.
24.
24.

-13.

27.
4.
24.

26.
25.
25.

-18.

28.
25.
26.

0%
73

67
24

63

96

.79

99
47
96

. 34

.83

27
33
90

86

&8
70
11

.98

.47

30

A
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S
TEMP 27. 96 28. 27 28. 42 27. 74 27. 49 2% 78
TEMP 25. 32 30. %9 2e. as 27. 30 27.08 2617 -
TEMP 25. 88 37.10 31. 50 e Ty
MEAN -5.1% -6. 81 -8. 16 -9. 52 ~10.74 -11.77 AL
MEAN -13. 05 -14.23 -14. 61 PRISIE AN &
sb 0.74 0. %4 0.55 0. %6 0.58 0. 51 %F % },z 2
- -
sD 0. 52 0.74 0.35 Aoty
DY ‘
- ACTUAL DATA
2 R ..
» SPREAD
- Up Down
- Test ¢ 1
> 0.04 0. 24 0. 24 0.3% 0. 3% 0. 31 -0. 0% 0 05
y 0. 43 ~0. 04 0. 67 0.12 0.83 0.12 0. 29 ~0. 29
0. 04 -0. 43 0.12 -0. 28 0. 20 ~0. 31 0.23 -0. 23
-0. 43 -0.91 -0. 31 -0. 71 -0. ;M -0. 83 0.23 ~0. 23
=0. 91 -1.42 -0. 87 -1.26 -0. 87 -1. 26 0. 22 -0. 22
-1. 22 -1. 81 -1.02 -1. 61 ~0. 98 -1. 69 0. 31 ~0. 31
-1.77 -2. 48 -1. 61 -2. 40 ~1.65 -2. 40 0. 37 -0.37
-2. 24 -3.03 -2. 20 -3. 07 -2.13 -2.99 0. 42 -0. 42
-2. 56 -2. 56 -2 %2 -2. 52 ~2. 44 -2, 44 ~0. 00 ~0. 00
Test & 2
~ o 28 0.55 0.9%% 0.31 0.31 0. 08 0.03 ~0. 03
' 1.02 0. 28 1.22 0.04 o 87 -0. 20 0. 50 -0 50
0.3% ~0. 24 0. 43 -0. 47 0.31 ~0. 75 0.43 ~0. 43
~0. 47 ~1.02 ~0. 43 -1.10 ~0. 55 ~1. 42 0.3% ~0. 3%
~0. 83 ~1.50 -0. 83 ~1. 69 ~0. 98 -2. 0% 0.43 ~0. 43
~1.14 ~2.17 ~1. 22 -2. 24 -1. 61 -2.72 0. 52 ~0. 52
~1.81 ~2. 68 -1.93 -3. 11 ~2. 24 ~3. 31 0 s2 -0 52
-2 40 ~3. 35 ~2. 48 ~3 86 ~2.80 ~3.98 0. 98 ~0. 58
~2. 60 ~2. 60 -2.80 -2. 80 ~3. 27 ~3.27 0. 0
Test & 3
~4. 06 ~4 02 ~4. 02 ~4. 09 ~4. 09 ~4. 25 0. 03 -0 03
~3. 46 ~4.53 -3 31 ~4. 65 ~3. 50 ~4.76 0. 61 ~0. 61
~4. 25 ~5. 16 ~3. 94 ~5. 20 ~4.17 ~5. 43 0.57 ~0. 57
~5 04 ~5. 98 ~5.12 ~6. 10 ~5 16 ~6. 26 0. 51 ~0 51
~5.75 ~6. 81 ~5 71 ~6. B9 ~5. 71 -7.01 0.59 ~0. 59
-6.38 ~7.52 ~6.30 ~7.44 ~6. 50 ~7.95 0. 62 ~0. 62
~7.13 ~8. 19 ~7.01 ~8. 27 ~7. 24 -8. 46 0. 59 ~0 59
~7. 68 ~9. 02 ~7.99 ~9. 09 ~7.80 ~9.17 0. 64 -0 &4
~8. 07 -8. 07 -8. 07 -8 07 -8. 31 -8. 31 0. ]
Test & 4
122 1.22 1 22 1 26 126 1. 38 -0. 03 0 03
1 22 0. 63 1. 26 0. 63 1 22 0 &3 0 30 -0 30
0. 43 0 04 0. 47 o 00 0 47 0. 04 0. 22 -0. 22
-0 87 -0 91 -0. 83 -1 06 -0 43 -0 91 0 12 -0 12
-1.42 -1 93 -1 b1 -2 13 -1 42 -1.93 0. 26 -0 26
-2 20 -2 83 -2. 05 -2 48 -2 0} -2 60 0 31 -0 31
-2 9 -3 66 -3 02 -3 74 -3 03 -3 66 0 35 -0 3%
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~-3. 82 -4, 561 -3. 82 -4 69 ~3. 98 ~4, 61 0. 38 -0 38
-4 57 -4. 57 -4. 57 -4, 57 ~4.37 -4.37 0. 0.
Test ¢ 5
-0. 04 ~0. 16 0. 16 -0.31 ~0. 31 -0. 24 0.03 ~-0.03
-0.12 -0. 87 0. 04 -0. 87 ~0. 08 -0. 87 0. 41 -0. 41
~-1. 30 -1.89 -0. 98 -1. 81 ~1. 22 -1. 89 0.3% -0. 3%
-2.17 -2.80 -2. 09 -2.83 ~2.17 -2.87 0.3% -0. 35
-3.19 -3. 82 -3. 1% -3.86 ~3. 27 -3.98 0.33 -0. 33
-3.78 -4 &% -3.74 -4. 57 ~3. 90 -4, 65 0. 41 -0. 41 L
—-4. &9 -5. 71 -4 76 -5. 71 ~4, BA -5. 94 0.9%1 -0. 51 ‘"
-5 71 -6. 73 -8. &7 -6.77 -5 87 -b. 77 0. 51 ~0. 51 b
5. 22 -6. 22 -6, 34 -6. 34 -6. 26 -6. 26 0. 0. o
Test 8 & -
-12.80 -10.20 -10.20 -8. 07 ~-8. 07 -6.73 -1.01 1.01 g
-12.17 -11.30 -9. 6% -9. 09 ~7.99 -7. 60 -0. 30 0. 30 g
-13.% -12.32 -11.04 -10.16 -8. 94 -8. 62 ~0. 41 0.41
-14.33 -13.%4 -12.24 -11.46 -10.08 -9. 92 -0. 29 0. 29 -
-15. 16 -14.76 -12.9% -12.83 -10 98 ~11. 14 ~0. 06 0. 06 '
~16.02 -16.10 =-13. 66 -13.82 -12.04 ~12.17 0. 07 ~0. 07 .
-16.73 -17.24 ~-14.69 -15 16 -12.80 ~13.50 0. 28 ~0. 28 N
-17.99 -18.%54 -13%. 55 -14 42 ~13.82 ~15 00 0. 43 ~0. 43 e
-18.1%5 -18.1% =-1579 -15.79 -14.21 -14 21 0.00 0. 00 oo
Test & 7 "
~1.34 -0.83 ~0. 83 -0. 99 -0. 3% -0.863 -0. 09 0. 09 -
-0. 98 ~1. 6% -0. 43 -1.42 -0. 28 -1.54 0. 49 ~0. 49 ~
~2 20 -2. 48 -1.5%0 -2. 40 -1. 86 -2 44 0. 36 ~0. 36
-3.23 -3. 74 -2. 64 -3. 58 -2. 64 -3. 62 0. 41 ~0. 41
~4. 13 -4 @8 -3. 90 -4. 84 -3.98 -4. 76 0. 41 ~0. 41
~s. 31 -5. 75 -4.80 -5. 79 ~4 51 -5. 79 0. 43 -0. 43
~5.98 -7.20 -3. 98 -7.01 -5 94 ~7.13 0. 57 ~0. 57
~7.17 ~8. 43 -7.13 -8.31 -6. 97 -g8. 31 0. 63 -0. 63
~7.9% -7.9% -7.91 -7.91 -7.68 ~7. 68 0. 0.
Test & B
-13.90 -13.82 -13.B2 -13.78 =-13.78 -13 90 0. 0.
-13.90 -14.69 -13.74 -14.92 -13.90 -14. 92 0. 50 ~0. 50
-15.39 -15.83 -1504 -1594 ~15 12 -16. 18 0. 40 0. 40
-16.5%0 ~16.97 -16.38 -17.09 =-16.%0 -17. 24 0. 32 ~0. 32
-17.% -~1B8.31 ~-17.% -1B.27 -17.64 -18. 43 0. 37 -0. 37
-18.39 -19.33 -18.39 -19.25 -18.43 -1 37 0. 46 -0. 46
-19.76 -~20.75 -19.96 -20.67 -19.84 -20.79 0. 44 -0. 44
-20.71 ~21. 6% -20.83 ~-21.6% ~-20.7% -21.77 0. 48 -0. 48
-21.57 ~21.57 -21.54 -21.%4 =21.61 -21.61 0. o
Test ¢ 9 .
=16.38 <1661 -16.61 -16.65 -16.65 -16.73 0. 07 -0 07
-16. 846 ~17.76 -16.69 -17. 64 =-16.77 -17. 68 0. 52 -0. 52
-17.80 ~19.13 -18.07 -18.74 -18.19 -18 94 0. 46 -0. 46
-19.2% ~20.12 -19.43 -20.12 -19.%3 -20.12 0.36 -0. 36
-20. 39 ~21.30 -20.%1 -231.34 -2079 -21 38 0. 39 -0. 3%
-21. 842 -22.32 -21.57 -22.48 -21.69 -22. 40 0. 42 -0. 42
-22. 76 ~23. 466 -22.87 -23.82 -22.87 -23.70 0. 45 -0. 45
-23.86 ~24 72 -23.82 -25 00 -23.82 -24 92 0. 52 -0. 52
-24. 61 -24. 61 -284.72 -24.72 -24.6% -24 6% 0. o
Test & 10
-7.32 -6 26 -6 26 -6 02 -6. 02 -5 00 -0. 39 0 39
-7. 44 -7 36 -6. 38 ~7.0% -6 26 -6.38 0.12 -0 12
-8.78 -8 78 -7.80 -8. 31 -7.%2 -7. 76 0.12 -0.12
-10 28 -10 08 -9. 21 ~9 %7 -8 86 -9 13 o 07 -0. 07
-11 46 -11 30 -1028 ~-1087 =-1028 -10 28 0 07 -0 07 c
-12 09 -12 48 -31 34 -11.97 -11.06 -11 &9 0 27 -0 27 AR NY
-13 15 -1382 -12 5 -1331 -12 40 -13 07 0 35 -0 35 = ;:}u;%;x
SN NN,
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0.30*T21

-14.33
-14 21

-13.19
-14. 21

263
-14.69
~14 61

-13. 62
-14 63
200.06

-15. 28
-15. 00
Regression Equation

-14.29
-15 00
-~3.01*T3 + 3.88*T5 - 0.34e-3%XT21*Y -

+ 8.99*T}
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RESULTS OF ROLL ERRORS (arc-sec)

X axis at 140 000 mms
Y axis at 140. 000 ams
Z axis at 787. 400 mms
Ref is + on right

Test & 1

POS 0. 50. 100. 150. 200 23%0

POS 300. 350. 400 4%0

TEMP 24. 90 25. 74 25 91 24. 85 26. 42 29. 52
TEMP 25. 54 24. 39 24 29 23. 97 23.77 23.73
TEMP 23. 70 27. 23 25. 42 24. 91 24. 71 24. 37
TEMP 24. 15 38. 74 24. 25

MEAN 0 47 -1.9%8 -1. 67 -1.%90 -2. 07 -1.75
MEAN -0. 87 -1.07 -1.10 -3 00

(3] 0. 16 2 18 2. 13 2 41 2. % 2. .76
SD 2 71 2 74 2. .78 0.1%

Test & 2

POS 0. 50. 100 150. 200. 250

POS 300 350. 400. 450.

TEMP 25 10 27. 96 28 11 26. 81 27. 2% 26. 648
TEMP 26. 81 25. 54 25. 39 24. 65 24. 43 24. 24
TEMP 24. 14 29.77 26. 81 25 91 25. 66 25. 10
TEMP 24. 80 39.33 38. 97

MEAN -6. 45 -8. 33 -8. 03 -B. 65 -9.12 -8. 4%
MEAN ~-7. 52 -7.88 -8. 22 -9. 30

[-14] 0.08 1. 97 2. 27 2 36 2. 29 2. 54
8D 2. 51 2. 51 2. 58 0. 15

- Test ¢ 3

POS 0. 50. 100. 150. 200. 250

PODS 300. 3%0. 400. A4S0

TEMP 25. 43 30. 27 30. 56 2B. 66 27.80 27.75
TEMP 27. 68 26. 53 26. 46 25. 72 25. 33 24. 89
TEMP 24. 67 31. 36 28. 00 26. B3 26. 56 25 75
TEMP 2% 48 39.85 41. 82

MEAN -5 %52 -7. 48 -7.30 -8. 22 -8. 58 -7. 65
MEAN -4. 87 -7.43 -7. 38 -9. 00

SD 0. 13 2. 66 2. 68 2 76 2. 94 3.23
sD 3.03 2. 96 3. 09 0. 09

Test #» 4

POS 0. 50. 100. 150 200 250

POS 300. 350. 400. 450

TEMP 2% 90 33. 57 33 93 30 746 28. 45 29. 03
TEMP 28. 76 27. 98 27.76 27. 27 26. 49 29%. 90
TEMP 29. 46 32. 89 29. 37 28. 03 27. 59 26. 64
TEMP 26 2% 40. 43 50. 69

MEAN -7.83 -10. 33 -10. 42 -10. 87 -11.2% -10. 47
MEAN -10. 07 -10. 05 -10. 47 -12. 17

sD 0. 33 2 16 2.40 2 74 2 77 2. 89
sD 2 85 2 94 2 96 0 05

Test & 5

POS (] 50 100 150 200 250

POS 300 350 400 450

TEMP 26 38 35 32 36 09 32 26 28 86 30 10
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- TEMP 25. 95 31.73 27.76 26. 95 27.32 26 46 \\5f~ NG
i TEMP 26. 59 36. 86 66. 50 5%?8' e
- MEAN 17. 64 19. 36 19. 15 18. 90 18. 86 17.78 NN R
. MEAN 16. 46 16.12 18. 67 PR A WY
- sD 0. 50 2 02 2 29 2 48 2.73 2.7% NSRRI
e sD 3.02 2.93 0. 69 e :
Test & & .
- POS 0. 50. 100. 150. 200. 250.
A POS 300. 350. 400
TEMP 23. 63 31.84 33.77 31.52 2s. 03 28. 04
TEMP 28 12 27.97 28. 48 27. 68 27. 60 26. 11
TEMP 26. 11 31.96 27.90 27.06 27.%0 26. 48
TEMP 26. 70 36.75 54. 00
MEAN 10. 81 13. 01 12. 91 12. 76 11.87 11.37
MEAN 10. 47 9. 90 12 11
% SD 0.24 2.80 2 91 3.17 3.26 3. 43
" SD 3.33 3.31 0. 11
Test & 7
- POS 0. S0. 100. 150. 200. 230
I POS 300. 350. 400
" TEMP 23. 30 32.57 33. 82 32. 01 24.89 27. 93
TEMP 28. 14 28. 05 28. 83 28. 10 28. 12 26.31
- TEMP 26. 36 31.99 27.93 27.07 27. 31 26. 51
g TEMP 26. 80 36. 90 55, 40
: MEAN 10. 87 13. 39 13. 08 12. 82 12. 28 11.83
) MEAN 10. 66 10. 15 12.73
‘. sD 0.23 2. 40 2. 61 2. 88 2.85 2. 98
" SD 3.13 2. 92 0. 11
s Test & 8
C - POS 0. 50. 100. 150. 200. 250
POS 300. 350. 400
TEMP 23. 00 32.50 33. 78 32 26 24 36 27.76
TEMP 27.98 28. 10 2B. 96 28. 20 28. 25 26. 30
TEMP 26.3% 31.73 27.71 26. 93 27. 47 26. 44
. TEMP 26. 71 36.17 53. 80
‘ MEAN 9. 62 11. 94 11.71 11.73 11.01 10. 29
MEAN Q@ 47 8. 59 11 48
sD 0.19 2 76 2 84 2 95 2 95 3. 12
SD 3. 28 3. 14 0.43
Test & 9
POS 0. S0. 100. 150. 200. 250
N POS 300. 350. 400
- TEMP R2.85 28. 87 31.16 30. 55 23. 83 27.38
TEMP 27. 48 27. 60 28 68 27.55 28. 14 25. 91
TEMP Q6. 21 29. 29 27.09 26.38 27.02 26. 06
TEMP 26 45 35 70 5410
MEAN 7.86 10. 05 9. 77 9. 91 9. 18 8. 31
} MEAN 7.53 6. 65 5. 28
- SD 0. 12 2 62 2. 62 2 82 2 .85 3.13
sb 3.01 2 98 0 04

@ POS 0 SO 100 150 200 250

- POS 300. 350 400

- TEMP 22 33 31 47 33 35 32 05 23 s2 27 23
o TEMP 27 42 27 57 28 57 27 82 27 96 25. 81
N
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TEMP 32 03 32 30 32 52 31 52 31 18 29 46
TEMP 28.92 3% 63 32 13 31 06 30. 99 29 77
TEMP 29 46 41.20 s8. 25
MEAN -6 05 -8.72 -9 42 -9 25 -5. 30 -9 15
MEAN -8 .83 -8. 48 -8 88 -11 27
sD 0. 12 2. 36 2. 40 2 74 2. 85 3 12
SD 3 n 2.98 2 98 0 21
b7 ACTUAL DATA
r4 - 290 By 5 o B 05 A 0 S
L.
s SPREAD
b, - Up Down
i Test 8 )
.80 0. 40 0. 40 0. 40 0. 40 0. 40 o o7 -0. 07
- ~3.80 0. 40 ~3. 50 0. 60 ~3. 40 0. 20 -1 98 1. 98
- -3. %0 0.20 ~3.70 0. 20 -3 20 0. 40 -1.93 1 99
. -4. 20 0. 10 -4 10 0. 40 -4 00 0 40 -2.20 2. 20
-2 a0 0. 20 -4 40 0. 20 -4 40 0. 40 -2.33 2 a3
-+ 40 0.70 -a. 20 0. 90 -4. 20 0. 70 -2.52 2 s2
-3. 40 1. 90 -3. 20 1.50 -3. 40 1. 40 -2.47 2 a7
-a. 70 3.30 -3.30 1. 60 -3.70 1. 40 -2. %0 2 50
-3.90 1. 40 -3. 40 1. 40 ~3. 60 1. 50 -2.53 2 53
~-2. 90 -2. 50 -2.90 ~2. 90 -3.20 -3 20 0. 00 0. 00
Test & 2
~6. 30 ~&. 3D ~b. %0 -4 50 ~&. 50 ~&. 40 0.02 ~0. 02
~10. 20 ~6.70  =10.10 ~6.50 ~10. 10 ~&. 40 -1.80 1.80
~10. 00 ~6.00 -10.20 -5 90 ~30. 10 ~&. 00 -2. 07 2. 07
- ~10. 80 ~6.80 ~10.80 -6.30 ~10. 80 -6. 40 -2. 15 2 15
-11. 10 ~7.30 ~-11. 10 -7.20 ~11 40 -6. 80 -2. 08 2 oB
-10. 80 -6 40 -10 80 -6, 10 =10.70 -5. 90 -2 32 2.32
-9.80 -5 50 -9. 80 -5 10 -5. 80 -%. 10 -2.28 2 28
-10. 10 -5.80 -10.30 -5 80 ~10 10 -5 20 -2.28 2. 28
-10. 50 -5.90 -10. %0 -5.80 ~10.70 -5 90 -2.3% 2 35
-9. 10 ~9. 10 -9. 40 -5. 40 -5. 40 -%.40 0. )
Test # 3
-%. 70 ~%. 60 -%. 60 -5 40 -5 a0 ~3. 40 -0. 05 0.05
-10. 20 ~5. 20 -9. 80 -5 20 -9. 70 -4. 80 -2 82 2 a2
-10. 20 ~5. 10 ~9. 60 -4.70 -9 a0 -4.80 -2 43 2. 43
-10. 90 -5.80 ~-10 60 -5 40 ~=10.70 -5 70 -2 52 2 =2
-11. 10 ~6.10  ~-13.30 -5 90 ~-11.40 -5. 70 -2. 68 2 &8
-10. 40 ~4.70 ~-10.80 -4.70 ~10. 6D -4. 70 -2 95 2. 95
-9. 70 -4.20 -9.70 -4 10 -9.80 -4. 00 -2 77 2 77
-10. 00 ~4.90  -30.10 ~4.70 -10.30 -4. 60 -2.70 2.70
-10. 20 ~4.80 -10.20 ~4. %0 -10.20 -4 40 -2.82 2.82
-9 10 -9. 10 -%. 00 -%. 00 -8 %0 -8. 90 0. 00 o 00
Test & 4
-8. 40 ~7. 90 -7.90 -7.70 -7.70 -7 40 -0.17 017
-12 50 ~6.50 -12. 30 ~8.40 ~-12.10 ~8. 20 ~1.97 1.97
-12. 70 ~8.30 ~12 40 -8 30 -12.70 -8. 10 -2 18 218
-13. 50 -8.30 -13 30 -8 40 -33 30 -8. 40 ~2.50 2. 50
-13. 90 -6.40 ~313 90 -8.5%0 -123. 50 -8. 90 -2 s2 2 52
. -13.10 -7.60  ~13 30 -7 80 -12 0 -7. 80 -2. 83 2 63
- -12. 80 -7.60 -12.80 -7.40 -12 40 -7. 40 -2. 60 2. 60
: -12 %0 -7.20 -12 80 -7 40 -32.70 -7. %0 -2. 68 2 68
g -13.30  -7.90 -33.20 -7 90 -13.00 -7.5%0 -2 70 2 70
f: -12.20 -12.20 -12.20 -12 20 -312 10 -12 10 0. o
,‘,- Test @ &5
" ~& 70  ~& %90 -&. 90 -4 40 -6 40 -6 20 -0 o8 0 08
[
e
"
.
®
s
»
ta ~_“u_‘ LS R ..‘,‘. ._".. -,. . ':-‘ . (." IR - -, s <. -
R LA/ ACAEICAC I N FEAN ‘QkJ&JﬂQﬂﬁﬂﬁ#ﬁggqu,;;ﬁﬁﬁ o




AD-A163 598 THE SCIENCE OF AND ADVANCED TECHNOLOGY FOR
COST EFFECTIVE MANUFRCTURE OF.. CU> PURDUE Ul
YETTE IN SCHOOL OF INDUSTRIAL ENIINEERING
UNCLﬂSSIFIED R VENUGOPRL ET AL. OCT 85 N@0©14-83-K-8385 F/G 13/9

END

FLNED

e




AT )
. ' - -I\ -\

3

i

x
¢

b ' =

) ~N o (5 e) O x o
H . . < 7
Lz 2@ ol =l = 52
N ~B o =1
S 2

Of Off of -a . 3 —_— 5. "

hn&n—n—u—uuuuu 3¢ e

== m : e

o st i

A — (Vo) W M u

— — 2 m £ .-u

— x = o

_ e = z° »

. o

,.m

4

..a.b

S T b ...r‘

"

-u «

--Q

]

S




T TR IVONTEY

0
i

269
-10. 90 -6 70 -10.80 -6.40 -10.80 ~6. 50 -2.15 215
-11. 40 -7 20 -11.40 -6 80 -11.40 ~6. 40 -2.30 2 30
-12 20 -7 20 -12.00 ~7.00 -12.00 -6. 90 -2. 52 2.2
-12. 40 ~7.%0 -12.9%0 -7.20 ~11.90 -6.90 -2. 53 2 53
-11. 60 ~-&. 30 -11. 90 -6. 50 -11.70 -6. 40 -2. 60 2. 60
-11. 40 -6.%0 -11.40 -6.20 ~-11.40 -6.10 -2.57 2. .57
-11. 90 -6.30 -11.70 -6.20 -11.60 -6. 10 -2.77 2.77
-11.70 -6.60 =-11.50 -6.40 -11.70 -6. %0 -2.57 297
-11.20 -11.20 ~-11.20 ~11.20 =~-10.90 =-10.90 0. 0
Test & &
-6. 60 -s.70 -5.70 -4.30 -4. 30 -4.20 -0. 40 0. 40
-10. 20 -6.00 -9 40 -4.70 -8. 20 -4.10 -2.17 217
~10. 80 -%. 90 -9.80 -4.80 -B. 80 -4, 10 ~2.43 2 43
-11. 40 -b. 60 -10. 80 -5 40 -9. 60 -5. 10 -2. 4% 2. 45
-11. 80 -6 30 -11.10 -5.00 -10.10 -5.20 -2.7% 275
-11.10 -5.90 -10.20 -4.80 -9. 40 -4.20 -2. 63 2. 63
-10. 80 -5. 80 -9.80 -4.90 -8. 80 -4.00 -2.4% 2 as
-11.10 -6.20 -10.00 -5.10 -9. 00 ~4. 20 -2.43 2. 43 -
-10. 90 -5 90 -9.70 -4.90 -9.10 ~3. 90 -2. 50 2. %0 - o
-10 30 -10 30 -9.10 -9.10 -8 40 -B. 40 0. 0. . -
Test & 7 o y
-1. 40 -1.40 -1.40 -1.30 -1.30 -1. 40 o. 0. -
-5. 40 -0. 90 -5 40 -1.80 -5. 90 ~1.80 -2.03 2 03 PR
-6.10 -1.40 -6.10 -1. 60 -5. 90 -1.80 -2.22 2 22
-6. 90 -1. 60 -6. 50 -2.00 -6. 90 -1. 90 -2. 47 2. 47 &
-7.20 -1.80 -6.90 -2. 00 -7.00 -1.90 -2 97 2.57 b
-6. 90 -1.20 -6.80 -1.20 -6.70 -1.80 -2.70 2.70 M-
-6.40 -0. 90 -6.10 -1.00 -6. %0 -1.00 -2. 68 2. 68 NG
~6. 40 -1.00 ~6.20 -1.90 -6. 40 -1. 40 -2 45 2 43 £
-6. 40 -1. 40 -6. 80 -1.20 -6. 80 -1.30 -2.68 2 &8 Lo
-6.00 -6. 00 -6. 40 -6. 80 -6. 20 -6. 20 0. o. o
Test # B
0. &0 0. 50 0. 50 0. 50 0. %0 0. 40 0.03 -0.03
-3.90 0.20 -4 00 0.20 -4 10 0.30 -2.12 2 12
-4.40 0. 30 -4.30 0.20 -4. 30 0.20 -2 28 2.28
-4.80 0. -4.70 0. ~5. 00 0. 20 -2.45 2 45
-5 10 0. -5 10 0. -5. 50 0. -2. 62 2 62
-5 10 0. 50 -5.10 0. 50 -5.00 0. -2.70 2. 70
-4.30 0. 90 -4 40 0. 90 -4.30 0. 90 -2. 65 2 65
-4 30 0 50 -4 70 0. 50 -4. 40 ) -2.40 2 40
-4.50 0 50 -4 80 0.30 -4.70 0.20 -2.50 2 50
-4.00 -4.00 -4.30 -4. 30 -4.30 -4.30 o 0
Test & 9
-5 40 -5. 50 -5 %0 -5. 50 -5. %0 -5. 20 -0.03 0 03
-9 90 -5 90 -10.90 -5 90 -10.20 -6.30 -2.15% 213
~10 90 -6.80 -11 20 -7.00 -11.20 -6.80 -2 12 212
~11 40 -6. 40 -11.40 -&. 40 ~11. 20 -6 40 -2 47 2. 47
-11 S0 -6.%0 -11 30 -6.20 -11.50 -6.70 -2 %2 2 s
~11 %0 -5 90 -11 40 -6.40 -11.40 -6.20 -2.63 2. 63
~11. 40 -5.90 -11.20 -6.20 -11.20 -6. 20 -2 58 2 se
~10 40 -5.30 -10 S0 -5 20 =10.%0 -3.%0 -2 57 2 57
~10. 80 -5.70 -10 90 ~-5.80 -10.80 -6.10 -2 .48 2 a8
~10 %0 -10. % -10.90 -10.90 =10.70 -10 70 ) o
Test 8 10
-5 90 -6 20 -6 20 -6 00 -6 00 -6.00 o 02 -0 02
-10 90 -& 40 -10 90 ~6 60 -10 80 -& 70 -2 15 a2 15
-11. %0 -7.20 -11 50 ~7 40 ~-11 80 -7 10 -2 18 = 18
-12 00 -6 80 -12 00 ~6 70 ~11 20 -6 80 -2 4B 2 48
~11 90 -6 80 -11 S0 -6 BO -11 90 -6 50 -2 60 2 60
~12 10 -6 10 -11 90 -6 40 -12 00 -6 A0 -2 8% 2 85
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03
72
72

0o

-12. 00 -6.10 -11 50 ~-6.00 ~-13. 80 -6 20 -2.83
s -11 20 -5 90 -11.20 -5 % ~11.20 -s 90 -2 72
-~ -11.70 -6.20 ~-11.%0 ~6.20 =11.80 -6 10 -2.72
-11. 40 -11. 40 -11. 40 -11. 40 -11. 00 ~11.00 0 00

onrmn

’ Regression Equation

- T21%-0.43 + T10%1,10 - 0.13e-3%T3*Y - 17.17
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X
\d
o1
T
f
g
W Y i
axis
RESWLTS OF YAW ERROR (arc-sec)
X axis at 140. 000 mms
Y axis at 140 000 mms
Z axis at 330. 000 ams Div of laser F
- Test & 1
ih - - - —
- POS 0. 50. 100. 1%0. 200. 2%0.
- PDS 300. 350. 400.
TEMP 23. 68 2571 26. 47 27. 14 2s. 22 29. 91
- TEMP 26. 26 26. 08 26. 23 2%. 72 23. 9% 2%. 32
TEMP 25. 30 28. 53 26 21 2. &7 26.01 2%. 74
. TEMP 25. 87 36. 92 29. 10
v MEAN 0.16 1.78 0. 86 0. 94 0.83 -0.71
. MEAN -1.71 -2 11 0. 45
o SD 0. 20 1.98 217 2 44 2 46 2. .70
. sD 2. 6% 2. 61 0.27
.: Test & 2
POS 0. 50 100. 1350. 200. 2%0.
POS 300. 350. 400.
. TEMP 24.08 27.13 206. 47 20. 20 25. 29 26. &%
- TEMP 26. 88 26. 37 26.76 26. 00 26. 13 25. 37
" TEMP 25. 46 29.81 26. 76 26. 0% 26. 47 2%. 93
2 TEMP 26. 08 37. 01 36. 20
- MEAN 4.96 6. 66 6. 14 6.17 S &0 4. 07
. MEAN 3.48 3.12 S. %
sD 0. 34 2. 64 2.79 2.89 3. 06 3.03
§ — sD 2 84 2 99 0. 33
. Test # 3 y
Pl e St .
" POS 0. 50. 100. 150. 200. 2%0. e
- POS 300 350. 400. o
R TEMP 24. 20 28 25 29. 61 29. 10 25. 3t 27. 02 7
o TEMP 27 20 26.73 27. 158 26. 36 26. 39 25. 48 L
. TEMP 25 53 30. 7% 27.07 26. 36 26.76 26. 10 L.
TEMP 26. 22 37.07 36. 80
o MEAN 4 48 6. 52 6.2 5. 87 5. 49 4. .42
- MEAN 3 41 2 89 5. 32
S SD 0. 06 2 33 2 4 278 2. 90 2.97
¢ sD 3. 08 3.13 0. 08
< Test #® 4
POS 0. 50. 100. 150. 200. 2%0.
POS 300. 3%0. 400.
- TEMP 24.33 30. 03 31. 64 30. 20 25.17 27. 52
- TEMP 27. 69 27. 30 27.79 26. 96 26. 91 2% 78
N TEMP 25. 76 31. 3¢9 27.%7 26.76 27. 21 26. 32
. TEMP 26. 45 36. 92 38. 40
-, MEAN 4.39 6. 03 6.17 5. 79 S S0 4. 51
MEAN 3.58 2 87 5. 30
. SD 0.15 2 57 2 74 3 02 313 3. 20
sD 3 37 3 26 0. 09
3 Test & S
- POS 0 S0 100 150 200 250 .
- POS 300 350. 400
- TEMP 23 48 31 22 32 29 30 81 25 19 27. 54
.. TEMP 27 79 27 57 28 10 27 a2 27 27 25 97

L
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' TEMP 23. 95 31.73 27.76 26. 9% 27.32 26. 46
N TEMP 26. 39 36. 86 66. 50
. MEAN 17. 64 19. 34 19. 193 18. 90 18. 36 17.78
. MEAN 16. 86 16.12 18. 67
, sD 0. %0 2. 02 2 .29 2. 48 2.73 2.7
sb 3. 02 2.93 0. 69
Test @ &
y POS 0. 50. 100. 130. 200. 230.
N POS 300. 350. 400.
~ TEMP 23. 63 31.84 33.77 31. 52 2%. 03 2804
. TEMP 260.12 27.97 26. 48 27. 68 27. 60 26.11
. TEMP 26. 11 31. 96 27. 90 27.06 27.%0 26. 48
TEmP 26. 70 36. 7% 54. 00
s MEAN 10. 81 13. 01 12. 91 12. 76 11.87 11.37
l MEAN 10. 47 9. 90 12. 11
sD 0.24 2 B0 2.91 317 326 343
- sp 3.33 3.31 0.11
Test & 7
z POS 0. S0. 100. 1%0. 200. 250.
- POS 300. 350. 400.
. TEMP 23. 30 32.57 33.82 32 o1 24.89 27. 93
> TEMP 28. 14 28. 05 2p. 63 28. 10 28. 12 26. 31
] TEMP 26. 36 31. 99 27.93 27. 07 27. 31 26. 51
K TEWP 2s. 80 36. 90 83. 40
. MEAN 10. 87 13. 39 13.08 12. 82 12. 28 11.83
s MEAN 10. 66 10. 18 12.73
- sD 0.23 2 40 2 61 2.e8 2.8e5 2 98
.- sD 3.13 2 92 0.11
- Test & 8
' POS 0. 50. 100. 150. 200. 2%0.
s POS 300. 3%0. 400.
- TEMP 23. 00 32. 50 33.78 32 26 24. 36 27.76
TEMP 27. 98 20. 10 28. 96 26. 20 20. 25 26. 30
) TEMP 26. 33 31.73 27.71 26. 93 27. 47 26. 44
o TEMP 26. 71 36.17 53. 80
DA MEAN 9. 62 15. 94 11. 71 11.73 11.04 10. 29
: MEAN 9. 47 8. 59 11. 48 ,
sD 0.19 2 76 2 64 2 95 2. 95 312 AN,
- sD 328 3.14 0.43 A
;~ Test # 9
N POS 0. 50. 100. 130. 200. 2%0.
- POS 300. 350. 400.
. TEMP 22. 853 28. 87 31. 16 30 95 23.83 27. 38
B TEMP 27. 48 27. 60 28. 68 27. 58 28. 14 25. 91
® TEMP 26. 21 29. 29 27. 09 2¢6. 38 27.02 26. 06
b TEMP 26. 45 3. 70 5410
. MEAN 7.86 10. 0% 9. 77 9.91 9. 18 8. 31
. MEAN 7.%3 6. 63 9. 28
- SD 0.12 2 62 2 &2 2 82 2 85 3.13
o sD 3.01 2 98 0.04
L Test # 10
~ POS 0. 50. 100. 150 200 250
4 POS 300. 350 400
. TEMP 22 33 31. 47 33 35 32 0% 23 s2 27.23
TEMP 27 a2 27 57 28 %7 27 e2 27 9 25 B1
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TEMP 25. 93 31.13 27.03 26. 23 26. 89 29%. 81
TEMP 26.29 33. 40 83. 00
! MEAN 7.80 9. 59 9.09 B. 76 8.73 7.72
: MEAN 6. 81 6. 18 e. 38
N €D 0.22 2.39 2 41 2. 40 2. %6 2 .72
\ sp 2. 63 2 .39 0.28
:
s
I ACTUAL DATA
. SPREAD
. Up
. Test @ 1
: -0. 12 0. 04 0. 04 0.20 0. 208 0.43 ~0. 09
N 3.3% -0. 24 3. 46 0. 3.82 0.08 1.80
N 2 72 -1.30 2.83 -1.06 2.9% ~0.98 1.98
' 2. 91 -1. 42 3.3 -1.22 a.a7 -1.22 2.22
2. 93 -1. 6% 3.1 -1.38 3.19 ~1.18 2.24
: 1.38 -3.3% 1.89 -3.13 1.97 -2.99 2. 45
3 0. 59 -4.33 0.7% -4 21 0.7% -3.82 2.4
" -0. 28 -4 61 0.3% ~4. 4% 0. 63 -4, 37 2.3
" 0.20 0.20 0.3% 0.35 0.7% 0.79 0.
N Test ® 2
R 5. 9% 4. 84 4. B4 5. 00 5. 00 4.%3 0.17
- Q.09 4. 37 5. 54 4 b3 9.13 3. 82 2. 40
) Q.78 3. 66 8. 62 3.82 8. 66 3.3t 2.8%
. 8. 70 3. 62 8. 84 3. 82 e. Bb 3.19 2. 63
, 8. 27 2. .99 8. 39 3. 07 8. 50 2. 40 2.78
“ 7.01 5. 42 7.17 1.73 6. 26 0.87 2.74
" 6. 22 1.06 6. 26 1.14 s 71 0. 51 2.%8
- S. 98 0. 5% 5. 94 Q.78 5. 55 ~-0. 08 2 71
A 8. 79 s 79 s. 79 8. 79 5. 16 5 16 o
. Test @
' Y 4 49 4. 49 4. 41 4 a1 4. %3 0.01
~ 8. 78 4.33 8. 66 4. 33 8. 34 a. 49 2. 14
- 8. 58 3.94 g 43 3.98 8. 3% 3. 98 2. 24
: 8. 39 3.19 8. 43 3.43 8.39 3.39 2.53
. 8. 23 2 87 8.19% 2.80 e.03 2.87 2. 64
X 7.13 .89 7.13 1.58 7.13 1.65 2.71
. 6. 18 0. 87 6. 22 0. 39 6. 26 0.9%5 2. 81
. 5 71 0. 5. 83 0. 5. 71 0.12 2.85
| 5 A7 s 47 5 63 5. 43 s 47 5. 47 0.00
H Test &
. a &9 4.37 4 37 4.29 4 29 4 32 0. 06
: 8 2% 3. 70 B 3% 3.74 8. 39 3. 62 2. 34
. 8 74 3. 74 B 74 3.70 8. 54 3. %8 2.50
: 8. 54 2 93 a8 %4 3. 07 8. 54 3.07 2.76
: 8. 46 2. 64 8. 3% 2. 54 8. 23 2 64 2. 86
, 7. 44 1.57 7. 44 1. 61 7. 40 1.57 2.92
6 8% 0. 9% & 54 0.39 6. 50 0. 47 3.08
' s 71 -0.31 575 o. 6. 06 0. 2.97
s 39 5. 39 5. 20 s 20 s 31 5 31 0
Test & 5
16 93 17. 36 17. 36 18. 03 18. 03 18. 15 -0.20
20 71 17. 01 21. 08 17. 76 21. &9 17. 91 1.80
20 71 16. 65 21. 22 17.13 21. 69 17. 52 2. 05
20 63 16 26 20 98 16. 77 21.77 16.97 2.23
20 3% 15 5% 21 48 16. 22 2122 16 57 2.45
) 19 80 14 98 20 16 15. 24 20. 83 15. 79 2 48
‘ 18 @6 13. 43 19 17 13. 82 19 37 13 90 2.74
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18 23 13. 07 18. 70 1319 19.32 14 21 2.63 -2 bl '\‘\q&
18. 03 18. 03 18. 46 18. 44 19 53 19 3 0 00 0 00 N
Test ® & a k)
11. 30 10. 71 10. 71 10. 71 10. 71 10 73 0.09 -0 09 -i}‘ﬁ
. 15 71 10. 47 15. 59 10. 39 19 39 10. 81 2 5% -2.55 LY
. 15. 53 10 3% 15. 55 10. 31 15 59 10 12 2. 68 -2 65 :
, 15. 83 9 88 15. 51 9. 94 15. 59 9 76 2.89 -2 89
14. 92 8. 90 14. 80 8 82 14. 80 8. 98 2.97 -2 97
14. 61 8.23 14. 29 8. 11 14. 61 8. 39 3.13 -3.13
. 13. 54 7. 40 13.43 7. %2 13. 54 7.36 3.04 -3.04
' 12. 91 6.93 12. 91 6.97 12. 91 6.73 3.02 -3. 02
- 12. 01 12.01 12. 24 12. 24 12. 09 12. 09 0. 0
' Test & 7
; 11.33 10.81 10. 81 10. 74 10. 74 10. 81 0.09 -0 09
15. 78 11.17 19. %8 10. 97 15. 38 11. 48 2.19 -2.19
| 15.%  10.81 15. 46 10.50 15 42 10. 78 2.38 -2.38
. 1. 70 10. 34 15. 11 10.03 15. 94 10. 22 2.62 -2. 62
: 1. 11 9.97 14. 67 9. 48 14.83 9.71 2.99 ~2. %9
: 14. 67 9.32 14. 40 8.93 14. % 9. 08 2.72 -2.72
. 13. 69 7.98 13. 49 7.5% 13. 41 7.90 2.8% -2.8%
' 12. 74 7.95 12. 78 7.74 12. 90 7.19 2. 66 266 Lol
V- 12. 70 12. 70 12. 63 12. 63 12. 86 12. 86 0. 0.
\ Test & @8
9.87 9. 40 9.40 9. 67 9.67 9.71 0.03 -0.03
14. 52 9. 16 14. 44 9.32 14. 40 9.79 2. 91 -2. %1 -
14. 28 8. 93 14. 32 9. 28 14. 32 9. 16 2. 99 -2. %9 RN
: 14. 44 8. 77 14. 32 9.12 14. 92 9. 24 2. 69 -2. 69 AL
. 13. 8% 8. 22 13. 63 8.37 13. 61 6. 37 2. 69 -2. 69 AN
. 12. 98 7.23 13. 22 7.9% 13. 22 7.88 2.83 -2. 6% N
. 12. 47 6. 48 12. 23 6. 68 12. 67 6. 29 2.99 -2. 99 AR
. 11. 41 S. 58 11. %2 s. 83 11. 44 s. 74 2.87 -2.87 DA P
11. 2% 11. 29 12. 04 12. 04 11.17 11.17 ~0. 00 -0. 00 e
I Test 9 9
1 7. 94 7.74 7.74 7.98 7. 98 7.74 0.03 -0 03
. 12. 39 7.74 12. 39 7.70 12. 93 7.5% 2. 39 -2 3¢
. 12. 3% 7.27 11.92 7.83 12.19 7.23 2. 39 -2.39
. 12. 3% 7.27 12. 47 7. %1 12. 43 7.23 2.57 -2 57
. 11. 60 6. 48 11. 68 6. 80 12. 04 6. 48 2.99 -2.99
. 10. 97 S. 42 11.09 S. 66 11. 44 s. 30 2.8% -2. 8%
! 10. 30 4.73 10. 26 4.93 10. 26 4. 863 2.7% -2.7%
9. 48 4.00 9 24 4. 08 9. 40 3.73 2 72 -2.72
, 9.20 9.208 9.32 9.32 9. 24 9. 24 0. 0.
. Test & 10
7.98 8. 02 8. 02 7.99 7. 59 7. 63 0.06 -0. 04
: 11. 68 7.63 11.88 7.43 11. 64 7.27 2.18 -2.18
: 11.17 6. 96 11. 60 6. 92 11.09 & 80 2 20 -2.20
. 10. 8% 6.72 11. 29 é. %8 10. 74 6. 44 2.19 -2.19
. 11.17 7.07 11. 2% 6.37 10. 70 s. 8% 2.30 -2 30
: 10. 22 S. 34 10. 38 S. 30 9. 99 s. 07 2.40 -2. 48
8. as 412 9. 24 4. 08 8. 30 3.93 2.38 ~2. 38
e 22 412 8. 61 412 8. 02 3.81 2.17 -2.17
8. 61 6. 61 8. 69 6. 89 8. 26 8. 26 0. 0
Regression Equation
—
y AR LN
: 0.47%T21 + 2.4%T5 - 73,26 NN
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1 AX1S
RESULTS OF POSITION ERROR (micron)
L2232 23 3333 3 3 3 1 2 2 3 3 ¥ 3§22 3 £ 37133733 73
X asis ot 300. 00 mms (indep)
Y axis at 300. 00 mms (indep)
2 axis at 40.00 mms
Dir of laser R

Test & 1

POS 0. 50. 100. 150. 200. 2%0.

POS 300. 350. 400. 4%0. 500. 550.

POS 600.

TEMP 2%. 43 2%.18 2%. 20 28. 72 2%5. 45

TEMP 2. 30 29. 40 23. 49 2s. 67 25.75%

TEMP 23.73 2%. 21 25. 21 2s. 23 2% 21

TEMP 2%. 51 25. 29

MEAN ~2.79 -4 47 -7.71 -9, 74 -S. 47

MEAN ~7.9% -3.36 -2.23 -1.03 1.3

MEAN 1. 82

sD 2. 10 2. 77 2.e8 2.88 2. 64

sD 2 81 3. 03 3.19 3.06 3.07

sb 2.98
Test & 2

POS 0. SO. 100. 150. 200. 2%0.

POS 300. 350. 400. 430. S00. 950.

POS 600. ’.
TEMP 26. 2% 26. 43 26. 84 28. 43 26. 30 25. 93 ke
TEMP 26.13 25.96 26. 10 26. 01 26. 13 26. 11 r.
TEMP 26. 06 25. 86 25. 98 25.74 2s. 79 25. 74 r..
TEMP 25. 93 25. 64 -
MEAN 21. 84 22. 37 20. 86 24.76 27. 14 26. 98 .
MEAN 28. 67 39%. 09 8. 47 41. 69 46. 04 50. 38

- MEAN 4. 319

sD 1. 06 1.%6 1. 49 1.01 0. 66 0.91

sD 0.93 0. 68 0. %8 0.41 0. 48 0.72

sb 0.45%
Test & 3

POS 0. 50. 100. 13%0. 200. 250.

POS 300. 350. 400. 4S0. 500. 350

POS 600.

TEMP 28. 13 32. 58 29 31 31.93 27. 684 27.09

TEMP 27. 82 27. 11 27. 30 27. 04 27. 21 26. 99

TEMP 26. 94 26. 92 27. 46 26. 60 26. B7 26. 57

TEMP 26.77 26.33

MEAN 57. 37 59. 34 &61. 42 48. 16 72. 58 75. 3%

MEAN 80. 00 9. 06 94. 4] 100. 66 108. 14 114. 36

MEAN 115. 05

D 2.72 2 26 3.74 3.87 3.76 4.29

SD 4.85 5 46 5. 49 5.9 & 53 7.04

$D 7.12

Test & 4

POS 0. S0. 100. 150. 200. 250.

POS 300. 350 400. 450. 500. 550

POS 600

TEMP 29 13 34 94 31. 27 33. 69 29. 20 28 20

TEMP 29. 44 28 15 28. 67 28 1% 28 37 268. 03

TEMP 27.93 27.86 28 83 27. 42 27.88 27. 50

o
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&7. 59 27.1%

$5. 07 56. 62 58. 80 6% 00 68.77 73. 60

75. &7 64. 98 90. 51 97. 24 103. 62 311. 13

111. 82
S. 64 S. B4 &. 62 7.05 4.43 4. 24
4. 43 4. 21 4.33 5. .19 S. 27 S. 74 .
5. 9% s

T

‘e 'y

0. 950. 100. 1%0. 200. 250.
300. 3%0. 400. 450. 500. S$350.

600.
29.38 32. 98 30. 67 31. 43 29. 53 28. 56
29. 83 28. 33 29. 12 28. 36 28. 66 28. 41
28. 44 28. 36 29. 34 27. 90 28. 44 28. 07
28. 1% 27.70
33. 94 35. 00 3%. 5% 40. 88 45. 20 46.76
49. 73 58. 04 62. 60 68. 02 73. 95 80. 02
81.13
0. 82 3.83 1.84 1.9 1.16 1. 09
1.03 1.18 1.03 0. 94 1.08 1. 07
1.13
é
0. 30. 100. 150. 200. 2%0.
300. 350. 400. 450. 500. 550.
600.
29. 50 35. 99 3R2. 60 36. 26 30. 46 29. 49
30.78 29. 54 30.17 29. 51 29.88 29. 29
29. 22 28. 81 29. 8% 28. 2% 28. 71 28. 51
28. 61 28. 10
75.9% 81. 06 B6. 28 96. 80 105. 37 111. 28
119. 67 132. 39 141. 63 151. 34 162. 08 171. 76
175. 34
5. 13 5. 8% 6. 57 6. 86 7. 34 B. 16
8. 80 9. 45 10. 04 10. 60 11. 56 12.13
12. 38
7
0. 50. 100. 150. 200. 250.
300. 350. 400. 450. 500. 550.
600.
29. 45 37. 19 32. 71 37. 3% 30. 82 29. 85
31. 47 29. 94 30. 96 30. 19 30. 72 29. 89
29. 92 28. 85 30. 26 28. 04 «8. 70 28. 63
28. 99 28. 19
75. 33 B1. 53 es. 83 100. 27 110 65 119. 00
127. 86 141.78 152. 52 164 39 175.8% 186. 75
191.77
4. 43 4. 62 4. 88 4. 99 5. 24 .71
6. 40 6. .74 7.23 7. 64 8. 47 8.76
8. 84
8
0. 50 100. 150. 200 250
300. 3%0. 400. 450 S00. 550.
600.
29. @5 35 60 32 01 3558 30. 89 29.75
31.42 29 64 30 8% 30. 40 30 91 30 14
30 33 28. 867 30 23 28 04 a8 75 28 70

R R . .
R I I I . AR
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0. 50. 100. 15%0. 200. 250.
300. 350. 400. 4350. 500. 550
600.

29. 40 6. 60 32. 60
3:1.70 30. 39 31. 53
30. 64 268. 846 30. 32
29. 49 28. 28
63. 66 70. 08 77. 34
115. 94 129. 59 139. 97
179. 25
S. B9 &.74 7. 49
9. 82 10. 59 11. 27
13.83
10

0. 50. 100. 150. 200. 250.
300. 350. 400. 450. 500. $550.
600.

2%. 18 36. 04 32. 27
31. 69 30. 28 31. 49
30.71 26. 87 30. 3%
29. 55 28. 31
57.37 63 12 69. 07
104. 74 117.03 126. 80
163. 09
2. 92 3. 47 3. 5%
4.13 4. 69 5. 00
6. 54

l" o 4 .

w e

ACTUAL DATA
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u‘.
Testa = 2 f.*',i" M \
20. 70 20 80 20. 80 21. 20 21. 20 22 30 -0. 94 -0 41 N
22 20 20. 00 23. 40 20. 30 23.10 21.40 0.53 -1.80 PSRN
21. 90 16. 90 21.80 18. 90 21. 60 19. 40 0. 90 -1.79 RO
2431 23 61 2s.30 23 41 24.99 23. 80 0.17 -1.16 e
26. 70 26.70 27 21 26. 20 26.79 26. 60 -0. 24 -0. 64 Nanane
2% 89 27.10 26.99 26. 31 26. 50 26. 31 -0. 52 -0. 43 SNy
27. 50 29. 21 28. 50 27.80 2. 02 28. 81 -0. 67 -0 07 {
35. 00 33. 31 35.49 34. 30 35. 00 33. 91 0.07 -0 %9 %—v
38. 81 38. 70 38. 51 37. 69 39. 00 37. 69 0.2 ~0. 45 : 5
43. 69 41. 90 43, 60 a1. 50 41. 20 41.20 -0. 19 -0. 15
43.99 46. 69 435.99 45. 90 43,30 45. 68 -0.21 0.0%
50. 78 51. 889 50. 17 0. 17 49. 62 49. 68 -0. 19 0. 20
49. 62 49. 62 49.32 49.32 48. 89 48. 89 .08 0.08
Testé = 3
62. 80 59. 80 59. 80 57. 20 $7.20 56. 40 2.56 0. 43
65. 10 61. 20 62. 80 59. 50 60. 60 $7. 80 3. 49 0. 16
68. 40 64. 00 64.80 61.20 62. 90 59. 80 3.94 0.25 WY
75. 10 72. 10 71.30 8. 80 69. 00 67. 00 2 64 1.14 ! o
78.70 77.90 75.20 73. 90 71.70 71. 90 2 62 1.98 ’ )
81. 21 82 20 77. 61 77. 90 74. 60 74. 71 2 a5 29 > <o
86. 49 87. 49 82. 79 83. 10 78. B9 79. 71 2.73 3. 44 ﬁ A
96. 98 97. 41 92.10 92.10 8. 50 6. o1 3. 47 3.45 AN
- 102.51 103 21 97.29 96. 71 93. 69 93. 69 3.42 3. 46
» 108.61  110.30  103.49  103.70 99. 21 100. 49 a1 424
- 117.10 118.%9  110.99  112.40  106. 53 107. 70 3. 40 A.76
123.90 126.28  116.88  118.59  112.18 114, 32 3.29 s.37
125.92  125.92  118.53  118.53  114.20 114,20 4.30 4. 50
Tests = &
— 68 70 57. 80 57. 80 55. 60 55. 60 51. 50 5. 63 -0.10
70 60 59. 80 59. 00 57. 30 57. 00 53. 50 5. 58 0. 25
74. 60 61. 80 61. 30 $9. 40 s8. 70 54. 60 6.37 0. 10
82. 20 69. 40 67.20 65.99 64. 10 62. 30 6.17 0. 90
) 76. 90 74. 20 71. 50 70. 50 68. 30 67.20 3. 45 1.86
76. 40 78. 09 74. 40 75. 30 71.20 70. 91 2. 40 3.17
.- 80. 90 82. 31 78. 63 79. 43 75. 01 75.10 2 51 327
90. 39 90. 70 8. 10 88. 71 B84. 29 B4. 41 2.6 2 9
96.31 96. 59 93. 69 93. 69 89. 60 90. 30 2. 69 3. 02
, 103.91  104.40  100.89  101.41 96. 50 97. 11 3.19 373
110.41  111.39  107.09  107.79 102 6% 102 91 313 3 74
. 117. 80  118.53  113. 7% 115. 11 115. 13 110. 90 4 43 3.73
= 120.00  120.00  115.91 115. 91 111. 57 111, 57 401 4. 01
' Testh = S
3510 34. 70 34.70 34. 40 34. 40 33. 60 0. 79 0. 29
38. 00 34. 50 37. 00 33. 80 36. 40 33. 30 2.13 -1.13
39 00 35 30 37.70 34. 50 36. 60 33. 90 2 22 -0 98
3 4359 41.00 42. 69 40. 21 41.50 39. 70 1.72 -0. 58
- 47,39 45. 39 48 30 45 30 45.70 44,40 1. 26 -0 10
- 48 60 47.50 48. 20 46. 91 47.10 46.20 121 0. 11
: 51. 30 50. 99 50. 29 50. 51 49. 50 49. 59 0. 63 0 &3
‘ 59 &9 59. 39 59. 60 58. 11 58. 29 57. 40 1.16 0 26
64. 30 63. 81 63. 51 62. 71 62. 90 62 19 0.9 0. 30
69 40 £9. 00 8. 91 68 60 67.90 67. 81 0.72 0.45
79. 29 75. 50 74. 58 75. 01 73. 61 74. 01 0.5 0. 89
81 42 81.73 80 69 80 87 79. 53 79. 59 0. 52 0 71
2 58 82 58 82 a1 82 21 80 87 80 87 0 74 0 74
Test = &
85.20 80. 60 80 &40 76 90 76 %90 73 70 4 95 112
91 310 86 30 86 70 82 10 82 70 768 %0 S 77
97 20 93 00 92 30 88 20 87. 70 84 10 6 12 @ 15
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107 70 105 00 102 60 99. 59 97. 40 94. 80 5. 77 3 00
! 116 50 114 01 110. 79 109. 21 105 70 104 .10 S 63 4 00
123 20 122 70 116 30 116. 39 110. 90 110. 31 S. 52 S 19
132 20 132. 29 12%5. 09 125. 40 118. 59 118. 99 5. 62 5 ep
146 00 1446. 00 138. 00 138. 49 131. 29 131. 50 6. 04 & 28
155. 91 156. 19 147. 31 148. 50 140, 29 140. 69 6. 21 & 83
165. 99 167. 1% 157.10 158. 69 149, 69 151. 09 6. 25 7.63
177.80 179. 41 168. 21 170. 01 160. 49 162. 11 6.75 8. 43
187.93 190. 61 177.80 180. 11 169. 62 171. 69 &. 69 9. 05
193 42 193 42 182. 50 182. 50 174,19 174 19 8. 03 8 03
Testh = 7
81. 90 77. 40 77. 40 72. 90 72. 90 69. 51 2. 07 -2. 07
88. 20 83. 90 83. 70 79.10 79. 10 75. 20 2.13 -2. 13
95. 60 91. 90 ?1. 00 86. 70 85. 60 82. 20 1.90 -1.90
107. 19 104. 00 101. 81 98. 40 96. 41 93.80 1.953 -1.53
117.00 115 .91 111. 40 109. 89 105. 50 104, 20 0. 65 -0. 65 a~
125. 79 125 00 11%9. 00 118. 90 112. %9 112. 70 0.13 =-0.13 AE
135.19 13%. 10 127. 29 127. 90 120. 70 121. 00 -0. 14 0. 14 v
149 69 149 29 141. 20 141. 60 134. 49 134. 40 0. 02 -0. 02 {
160. 71 160. 80 152. 01 152. 40 144, 50 144 73 -0. 12 0.12 ..
172. 30 174. 01 163. 30 164. 31 158. 30 157. 10 -0.7% 0.75 1
184. 81 1B6. 40 174, 29 175. 99 166. 29 167. 30 -0.72 0.72 3
195. 8O 198. 00 185. 18 186. 52 176. 57 178. 43 =0. 90 0. 90
202. 03 202. 03 190. 98 190. 98 182. 31 182 31 0. o)
Testé = 8 '
&4. 30 62. 40 62. 40 59. 60 59. 60 57. 40 1.195 -1.19%
&69. 80 &67. 20 &7. 90 63. 90 &4 90 61.40 1. 68 -1.68
74.70 72. 30 b66. 60 68. 60 &8. 70 66. 50 0. 43 -0. 43
83. 69 B1. 80 80. 70 78. 20 77.70 75. %0 1.10 -1.10
1. 71 91. 40 88. 59 87. 01} 85. 40 83. B9 0. 57 -0. 57
97. 20 97.79 93. 70 93. 60 Q0. 19 89. 80 -0. 02 0. 02
105 10 106 29 100. 89 101. 43 97. 29 97. 11 -0.25% 0. 2%
117. 40 117. 89 11319 11331 108. 61 108. &1 -0.10 0. 10
127.01 127. 41 122. 41 122. 59 118. 01 117. 61 -0. 03 0. 03
136 29 137. 21 131. 20 131. 99 126. 71 127. 01 -0. 34 0. 34
146. 51 148 28 141. 11 142, 00 135. 5¢ 136. 69 -0. 63 0. 63
156. O3 158. 02 149. 90 151. 61 145, 20 146 12 -0.77 0. .77
160. B9 160. B9 155. 09 155. 09 149, 48 149 48 0. o]
Teste = ©
74. 30 6%. 30 &69. 30 b4 60 64 60 61.10 5 74 1 34
81. 90 76 00 76 50 71.70 71.80 67.10 6. 465 1 52
?0.10 B4. 80 84. 10 79.70 78. 70 74. 50 6. 96 2 33
102. 01 §7. 50 95 20 92. 00 8%. 80 846. 90 &.70 3.16
131. 80 108 99 105 19 101. 90 99. 20 9&. 50 &.77 3.83
119 713 118. 50 112. 50 110 90 106. 00 105 19 &6 47 5. 26
130 49 129. 49 122. 7% 121 19 115 30 114, 81 &6 89 5. 89
144 99 144 2% 136. 41 135. 59 129. 79 128 39 7. 48 L. 50
156 40 155. 70 147 .39 146. 93 138. 70 139 10 7. 46 7.27
167 69 167.79 158 20 158. 51 149 4) 150 30 7.40 7.83
181. 09 182. 10 171. 30 171 30 161. 29 162. 60 7.92 8. 69
192 99 193 97 181 S8 182 68 171. 69 173 e9 8. 03 Q. 45
199, 10 199. 10 187. 99 187. 99 177. 49 177. 49 8. 94 8. 94
Testdt = 10
61 60 58. 80 58 80 55. 80 55 80 53. 40 1.37 -1 37
68 40 b4 00 &4 70 61 00 &2 40 5B8. 20 2. 05 -2 05
74 20 70 Q0 70 60 &7 10 &7 50 &4 10 1 70 -1 70
es 01 B 40 80 90 78 40 ?7 50 75 20 1 24 -1 24
g3 90 92 41 89 10 es 10 8% EO 84 70 0. 60 -0 &0
100 01 99 50 95 31 94 B89 Q) 20 90 %0 0 20 -0 20
109 50 109 71 103 @) 104 40 100 71 100 319 -0 03 0 03
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135.
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TESTI0
16 5 TEST? 7 TESTE v TESTE x
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Z AXIS
RESULTS OF HORZ. 6T. ERROR (micron)

X oxis at 147.716 sms
Y axis at 63 612 ams
Z oxis at 467.921 mas
Dir of laser R
Test @& 1
POS 0. 50. 100. 150. 200. 250.
TEMP 25. 19 29. 98 29 12
TEMP 2% 12 295. 04 25. 24
TEMP 25.17 24. 72 24. 83
TEMP 24. 92 24. 98
MEAN -0. 30 -0. 68 0.33
SD 0.1% 0. 81 0. 60
Test & 2
POS 0. . 100. . 200. 2%0
TEMP 6. 19 26. 4D
TEMP 25. 84 25. 62
TEMP 5. 57 2%5. 44
TEMP &5 30
MEAN 0.23 1.07
SD 0. 23 0. 66
Test & 3
POS 0. . . . 200. 29%0.
TEMP 26. 93 _7.97
TEMP 26. 45 6. 18
TEMP 26. 08 26. 26
25 79
0.17 0. 62
0. 41

200. 2%0.
30. 4%
27. 32
7. 61

3. 86
0. 56

200. 2%0.
3122
28 52
<8 1%

3 a
0. 14

200. 250
31. 63
29. 03

2| 72

1.6%
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SD 0 06
Test & 7
POS 0. %0 200. 2%0.
TEMP 27. 60 34. 62 31.81 3%.17 28. 44 28. 24
TEMP 30. 43 26. 93 29. 46 28.78 29.17 28.14
TEMP 20.19 27. 53 29. 07 27. 02 27.7% 27.39
TEMP 27. %6 27.04
MEAN 2 17 2. 0% 2.95 2 22 2. 10 2. 20
sD 0.08 0. 89 0.72 0. 58 0. 239 0. 0%
Test & 8
POS 0. S0. 100. 150. 200. 2%0
TEMP 27. 2% 33.90 32.78 36. 38 28. 39 26. 29
TEMP 30. 19 28. 80 29.73 29. 02 29.195 28. 17
TEMP 28 10 27.3) 28 3 26.7% 27. 14 27. 34
TEMP 26. 90 27. 02
MEAN 1. 52 1. 00 2 29 2 07 1. 49 1. 63
sD 0. .22 0. 32 0. 39 0.31 0.33 [JR-31
Test & 9
POS 0. %0. 100. 1%0. 200. %0
TEMP 27.10 30. 80 29. 36 31. 46 27. %9 27. 61
TEMP 29. 49 28. 37 29. 5t 28. 83 28. 93 28. 39
TEMP 28. 30 27. 24 26. 44 26. 71 27. 29 27. 44
TEMP 27. %4 27.15
MEAN 3.17 2. % 371 3. 45 3.23 3. 10
— sp 0. 30 0. 76 0. 51 0.5%% 0.45 0.18
Test ¢ 10
POS 0. S0 100. 1%0. 200. 2%0
TEMP 26. %0 31.24 29. 96 33. 14 27. 57 27. %%
TEMP 29.33 27.94 29.4% 29. 08 29. 42 28 3%
TEMP 28. 21 26. 89 27. 86 26. 49 26 93 27 10
TEMP 26. 88 26. 93
MEAN 2 0% 1. 89 2. 75 2. 20 1.43 2 10
sD 0. 12 1. 05 0. 86 0. 83 0. %3 0.
ACTUAL DATA
E 2 1 3 3 2 2 3 3 7 73
SPREAD
e Up Down
RN Test & 1
N -0 60 ~0. 30 -0. 30 -0. 20 -0. 20 ~0 20 ~0. 07 0 07
b 0 10 -1 a4 -0. 02 -1.%0 0.08 -1 32 0 74 -0 74
T 0.90 ~0. 28 0.76 -0. 20 0 96 -0 14 0. %4 -0 54
- 0 20 -0. 62 0. .24 -0 30 0 54 -0. 36 0 3B -0 38
.. -0 %0 -0 76 0 22 -0. 60 0. 02 -0. 38 (-1 -0 2%
<. -0. 30 -0. 30 -0. 20 -0 20 -0. 20 ~-0. 20 () 0
- Test & 2
.- -0. 10 0. 50 0 50 0 20 0 20 0. 10 ~0 03 0 03
EL -0 44 o 28 -0. %0 0 0a -0 %0 -0 22 ~0 26 o2
| ] 0 32 1. 86 0.70 1 78 0. %0 1 26 ~0 56 0 %6
-, 0 18 2 %4 0 a0 1 92 010 114 ~0 B2 0 ez
. -0 A6 2 o2 [¢] 1 46 -0 10 0 82 ~0 81 0 a1
S 0 50 0 50 0 20 0 20 0 10 0 10 o ¢
S Yest & 3
A 0 0 10 0 10 0 30 0 30 o 20 ~0 03 0 03
o
‘A

)
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Mgty Tl B
w;‘ba‘ﬁkﬁ
T
o (0 w”;:ia
8 R
o8  -020 074 -012 0.82 0. 00 0.46 -0 a6
0.86 -0 00 0 98 .36 1.04 0.50 0.38 -0 34 )
-0 06 -0 30 0. 42 0 24 0.26 -0.10 0.13 -0 13
-048 -09 -034 -0 68 o018 -0 70 027 -02
0.10 0.10 0. 30 0 30 0.20 0 20 o o
Test @ 4
2.90 . 90 2.90 310 310 320 -0.05 0 05
2. 00 3 00 2. 24 2 68 2. 50 272 -0.28 o 28
3.00 4. 40 3 48 4. 26 3.70 4.34  -0.47 0 47
2.40 4.30 2. 42 3.74 2.70 3.66 =-0.70 0.70 Oty
2.s0 4.70 2 96 4. 22 3.10 4. 08 -0. 74 0.74 o
2.90 2.90 3.10 3.10 3.20 3.20 -0.00 -0.00 A uasit
Test & 5 _ RN idi
3. 70 3 20 3. 20 3.10 3. 10 3. 10 0310  ~0.10 EATNAY
2 24 2.74 2 76 2. 44 2. 80 2. 60 0.00 -0 00 A
318 3. %6 3 32 3 48 3.%0 3.40 -0.08 0 o8 RONGH A
2 82 3. 92 2.98 3.42 3.40 360 -0.29 0. 29
3. 06 3. 56 2.74 316 3.20 3.% -0.20 0. 20 —~R
3.20 3.20 3.10 3.10 3.10 3.10 0. o IR NN
Test & & ARG R
1.40 1.%0 1. %0 1.50 1. %0 1.60 -0.03 0.03 EACS LR NS
2. 24 0. 66 2 64 0. 74 2. 62 0.74 0.89  -0.89 .:,}i* ~rrd
2. 18 0. 62 2 68 1.18 2 44 0.78 0.79 ~0.79 NN AT
1. 22 0. 18 1.82 0. 52 1.36 0. 22 0.5  -0.%8 AN Vi
0. 96 ~0. 46 1. 46 0. 16 0.8 0. 06 0. 59 -0. %9 LadhBa
1.%0 1.%0 1.%0 1. %0 1. 60 1.60 o. o
Test & 7 u,’c\hh,\ 1
2.10 2.20 2.20 2.10 2.10 230 -0.02 .03 o
2.78 1.20 290 .1.18 2. 90 1.34 0.81 -0. 81 ﬁf}*u A58
3.3 2 %0 3.70 2. 26 3.70 2.18 0. 64 ~0. 64 Aty
2 84 2.00 2. 80 1.54 2. 30 1.62 0.5 -0.%0 Gy
2 &2 1. 90 2 40 1. 72 2 30 1. 66 0. 34 -0. 34 hg‘::»}i}t
- 2.20 2.20 2.10 2.10 2.30 2. 30 0. o. danilh il
Test ¢ 8
1.20 1.50 1.%0 1.0 1.%0 1.90 -0.12 0.12
1.12 0. %8 1. 50 0. 50 1.70 0.%8 0.44  -0.44
2. .44 2.06 2.70 1.70 2.70 2.16 0.32 -0.32
216 2 44 2.10 1.30 2.20 2. 04 0.08  -0.08
1.68 1.12 1.40 1.10 1.80 1.82 0.14 -0 14
1.50 1. 50 1.0 1.50 1.90 1.90 o. 0.
Test & 9
3. 70 3. 10 3.10 2. 90 2.90 3. 30 0.07 -0 07
3 42 1. 60 2. 98 1.74 3. 16 2 44 0.63  ~0.63
3.94 2.90 4.26 3.28 3.92 3.98 033 -0.33
4 06 2 50 3. 48 3.32 3.48 3.92 .21 -0. 21
3 38 2. 40 3. 62 3.06 3.34 3.% 0.22 -0.22
3.10 3.10 2.90 2.90 3.30 3. 30 0. 0.
Test ¢ 10
1. 80 2.10 2.10 2.10 2. 10 210 -0.05 0. 05
2.74 1.00 2. 92 1. 02 2. 88 0.78 0.96  -0.96
338 3.90 3 68 2. 04 3. % 1. 96 078 -0.78
2 42 1. 00 3. 06 1.76 3.14 1.84 0.67 -0 67
1.16 1.10 2.18 1.18 2.02 0. 92 0.36 -0.36
2 10 2.10 2.10 2 10 210 210 -0.00 =-0.00
Regression Equation

2,17%T19 - 1.06*T7 + 0.91*T5 - 50.70
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2 AX1S

(micron)

X axis at 141.12%5 mms
Y axis ot 64.214 mms
Z axis at 4350. 000 mas

Div of leser R

Test & 1

POS 0.
TEMP 22. 55
TEMP 22. 26
TEMP 2. 38
TEMP 2. 29
MEAN ~5. 83
10] 1.68
Test & 2

POS 0.
TEMP 24.38
TEMP 23. 45
TEMP 23. 23
TEMP 23. 16
MEAN ~7.38
8D 0.13
Test & 3

POS 0.
TEMP 25. 30
TEMP 24. 23
TEMP 23. 76
TEMP 23. 69
MEAN ~10. 67
-10] 0. 05
Test & 4

POS 0.
TEMP 26. 08
TEMP 25. 29
TEMP 24.43
TEMP 24 21
MEAN -11.57
SD 0. 14
Test & S

POS 0.
TEMP 26. 93
TEMP 27 11
TEMP 29 39
TEMP 25%. 10
MEAN -10. 35
SD 0 21
Test & &

POS 0.
TEMP 26 68
TEMP <8 546
TEMP W6 14
TEMP QS 72
MEAN -9 %0

50.

S50.

50

30.

30.

0.

100.

a2
22.
22
21.
=3.
3.

8s
28
01
87
81
31

100.

25.
23.
23.
22.
-7.

0.

47
03
11
4
58
28

100.

27
23
23.
23.
-10.
0.

73
47
71
00
98
39

100.

30.
24
24.
23.
-11.
(o]

12
33
33
52
82
29

100

33
25,

25
24.
-10.
(o]

28
99
27
36
40
45

100.

3s.
26.
o5
ads

bt

29
S3
97
06
62

150. 200. 2%0.
PR3

22. 41
22. 16

-4.78
3.20

200. 2%0.
23. 682
23. 15
23. 45

~7.93
0. 39

200. 250.
25. 04
23. 99
24.18

~11. 40
0. 62

150. 200. 2%50.

26: 28
24. 33
25. 05

-12. 62
0.35

200. 250
29. 38
5. 76
26 57

-11. 46
0. 42

200 250
30. 89
26 97
27 75

-6.748

22 33
21. 91

-6.0%
3.18

25. 00
22. 93
22.86

=7.63
0. 44

26 63
23. 47
23. 34

-10. 95
0. 54

29. 25
24, 21
23. 89

-11.94
0.37

31.94
25. 39
24.70

-10. 96
0. 53

33 &1
26 41
25 36

-6 09

22.
2.
22.

-6.

23.
23
23

-7.

24.
23
23.

-10.

29,
4.
24.

-11.

26
25.
25.

~-10.

27,
1)

26

46
o4

93

. 69

82
03
20

40

. 28

55
69
79

47

. 59

N
60
41

66

.36

a9
91
a9

45

. 58

41
es
34

33

2.

22
21.

-6.

a3.

23.
22.

-7.
.10

23

23.
23.

-10.

4.
a3

-11.

9.
3.

24.

-10.

b
25

2%

16
38
91

o3

.10

15
08
81

43

a3
Sa

29

&7

.05

62

.14

87

50
09
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15
78

27

.19
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- ‘-'( Pl g 7 4 S Sl WA

Sp 0 20
Test & 7
POS 4]
TEMP 27 02
TEMP 29 66
TEMP 27. 00
TEMP 26 39
MEAN -2 07
SD 0. .20
Test & ©
rOS 0.
TEMP 26 98
l TEMP 29 60
- TEMP 27. 3%
i TEMP 26. 69
MEAN S 05
SD 0. 37
- Test @ 9
. pOsS 0.
) TEMP 25 25
'y TEMP 28. 62
: TEMP 27. 13
. TEMP 26. 03
“ MEAN 20 00
R 8D 0.2%
; Test & 10
' pOS o.
S TEMP 25. 05
o TEMP 28. 25
o TEMP 27. 01
. TEMP 2612
- MEAN 2. 28
. SD 0. 21
' ACTUAL DATA
. MMESNEEXEIXE
Test #
- -2 40 -&
-2. 92 -0.
~3 14 -1.
~2. b& -4
-2.58 -5
~&. 40 -3
Test & 2
~-7. 20 -7.
~7. 60 -7
~7.90 -7.
~7. 90 -7.
. ~7.%0 -6
~7.30 -7
Test & 3
=10 60 -10

ettty
P I Rt

L T
el oy ettt

"y .
. .

PR
-,

SN
~ -I'-" (SN
P PY AL S

50.

30.

S0.

0.

40
72
24
86
38
40

30
32
54
16
98
30

70

K
.

100
36
27.
26. 61
25 67
-2 20
0. 41

150
93
41

100.
3316
«7. 30
26. 84
26 01
5. 131
0. 57

150

100. 200.

30. 54
27. 25
25. 88
25.78
19. 94

0. 60

100.

29. 76
6. 968
25. 68
25. 66
22 13

0. 31

a0
98

=é
=7.
-8. 96
-10. 04
-11. 42
-6 60

-7.
-7.
-8.
-7.
-7.
-7

30
86
12
98
44

~10.70

TN S .'. -

-
»

-
SRS

150.

LA « ™ DA
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0 82

200 2%0
31.79
28 22

28. 68

-3.37
0. 43

200. 250.

30. 54
28. 04
28. 62

4. 06
0. 55

250. 300.

28. 96
28. 52
27. 01

18. 7%
0. 53

200. 2%0.

28. 38
28. 37
26.79

21.17
0. 39

-6. 60
~1. .62
-2 94
-4.36
-5 38
-&. 60

-?.
=7.
-7.
-7.
-7.
-7.

50
30
70
20
30
50

-10 70

35. 00
27. 29

25 87

-2. 43
0. 48

31.17
27.38
26. 13

4 60
0. 64

32. 26
27. 72
25. 37

19. 39
0. 56

3C. %3
27. 62
25.19

21. 87
0.73

-6 60
-7.98
-B. 96
-10. 04
-31.42
-6 60

~7. %0
~7.%96
~8. 62
-8. 18
~7. B4
~7. 50

-10.70

. -\.h - -
lalalimtial

28
27

-2.

28.
27.

27.

26.
27.
25.

19.

26,
a7.

25.

2.

(o}

~6

_1_
-2
-4
-2
=6.

-7.
=-7.
-7.
=-7.
-7.
-7.

~-10.

.

17

. 83
27.

o=

15
. 49

06
84
21

.91
. 49

S0
7
93

96
.39

25
62
73

13
. 51

60
62

. 94

36
&0

30
46
72

34
50

60

I S A
Catutatatar

27,
26.

Q6.

75
19

.97

27.
27.
26.

33
13

26.
27.

26.

&7
05

20. 13

.37
.98
.93

.37
0. 23

SPREAD
Up Down
0.70 -0
-2. 49 2
-2.
-l‘
-1.
-0. 00
0. 0%
-0. 22
-0. 268
-0. 39
-0.1¢9
0.

24 2.
53 1.
35 1.
0.

-0.

© 00000

70
49
24
53
55
00

0%
g

39
19
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RIS

-11.28 -10.60 -§1.30 -10.70 -11.40 ~-10.%B -0. 35 0 3%
-12 06 -10.90 -12.00 -11.00 -11.80 ~-10 &6 -0. 85 0 55
-11. 24 ~10.60 -31.70 -10.50 -11.30 ~-10 34 -0.47 0. 47
-10 92 -10.40 -11.20 -10.00 -10.70 -9. 62 -0. 47 0. 47
-10.70 -10.70 -10.70 ~-10.70 -10.60 ~10.40 0. o
Test & 4
-311.80 =-11.60 -11.60 ~-11.% =-11.50 -11.40 -0. 07 0 07
-12.26 -11.82 -11.92 ~-11.%0 <-1§1. 92 ~-11. %0 -0. 21 0 21
~13.12 <-12.84 -12.94 -12.20 -12.64 ~12 40 -0. 28 0.28
-12.48 -11.86 -12.16 -11.% -12.06 ~11.40 -0. 29 0 29
-12. 14 -11.98 -11.48 -11.40 -11.78 -11.20 -0. 14 0 14
-11.60 <-11.60 -41.% -11.50 -11.40 ~11. 40 0. [
Test & S
-10.60 -10.% -10.% -10.20 -10.20 ~-10.10 -0. 08 0. 08
-11.10 -10.28 ~-10.%8 -9.92 -10.%8 -9. 96 -0. 3% 0 3s
-12.00 -11.26 -11.B6 ~11.04 =-11.5% ~-11.02 -0. 3% 0 3%
-11.40 -10.64 -11.54 -10.% -11.34 ~-10.28 -0. 47 0. 47
» ~11.30 ~-10.%2 =-10.82 -9.88 -10.42 -9.74 ~0. 40 0. 40
- -10.50 -10.%0 -10.20 ~-10.20 =~-10.10 -10.10 0. o
¢ Test & &
- -5 60 -5 70 -5 70 -5 40 ~-5. 40 -5 20 -0 07 0 07
~6. 14 -5. 66 -5.76 -5 40 -5 60 -5 16 -0. 21 0 21
. -7.18 -6. 92 -7 12 ~6 40 -6.70 -6 12 ~0. 26 0 26
. -6. 82 -6. 08 -6. 68 -3. 70 -6. 20 -5. 08 -0. 47 0. 47
-5. 96 -5 34 -6. 34 -$. 00 -5. 00 -4, 34 -0. 44 0 44
. -5.70 -5.70 -S40 -5 40 -5. 20 -5 .20 ~0. 00 -0. 00 "
Test & 7 °.
p . -2. 30 -2.10 -2. 10 -2.10 -2.10 -1.70 -0.10 0. 10 y
- -2. 88 -2. 24 -2 20 -1.70 -2. 34 -1.86 -0. 27 0. 27 i~
1 -3.86 -3.18 -3. 80 ~3. 00 -3.58 -2 82 -0.37 0.37 -
- -3. 04 -2.32 -2 60 -1.90 -2. 82 ~1.88 -0. 39 0. 39 .
-2.82 -2. 16 -2.10 -1.70 -2. %6 -1 54 -0. 33 0 35 Y
-2.10 -2 10 -2.10 -2.10 -1.70 -1.70 ~0. 00 -0. 00
Test & 8 -
4.%0 4. 90 4.90 s. 20 5. 20 5. 60 -0 18 0 18 G N
4.34 S 12 4. 60 5 76 5 12 $ 70 -0. 42 0 42 Y
3.%8 3.94 3.70 4.72 3. 64 4.80  -0.42 0 a2 LR
392 4. %6 4. 00 5. 08 4. 46 5. 60 -0. 48 0 48 S
4 a6 s. 0B 4. 60 s 14 4 48 5. 70 -0. 40 . 40 RN TN
4. 90 4. 90 5 20 5. 20 S. 60 S. 60 0. 0 PR
Test # 9 alale
19. 60 20. 00 20 00 20 00 20. 00 20. 40 -0. i3 0 13
19. 16 20. 24 19. 58 20. 08 19. 70 20 @8 -0. 46 0. 46
18 02 19 38 18 56 18. 56 18 60 19. 36 -0. 3% 0 35
18 48 19. 72 19. 14 19. 54 19. 00 20. 24 -0. 45 0 45
19 64 20.06 19. 72 20. 12 19. 60 20 &2 -0. 31 0 31
20. 00 20. 00 20 00 20. 00 20 40 20. 40 0 e}
Test # 10
2z 10 22 10 22.10 22. 40 22 40 22 60 -0.08 o o8
21. 70 22. 40 21 86 22. 42 22 04 22 38 -0. 27 o 27
20 50 21 40 21. 02 21 a4 21 08 21. 56 -0. 30 0 30
20 80 21.70 20. 68 22 26 21. 52 22 a4 -0. 57 0 57
. 21. 40 22 20 21.84 22 o8 22 36 22. 92 -0. 27 o 27
) 22 10 22 10 22. 40 22 40 22 60 22 60 0 o}

Regression Equation

,.
'y o,

!
.

7.73%T9 - 2,65%T2 - 1,05%T1 - 93.54
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S
2 AX1S
RESULTS OF PITCH ERROR (arc ~ secs)
REE = E 2 3 t 2 3 EES
X axis at 300 00 mms (indep)
Y axis &t 300. 00 mms (indep)
Z axis at 40 00 mms
Test # 3 Dt
POS 0. 9S0. 100 150. 200 250
POS 300. 3%0. 400. 450 500. 550.
POS &00
TEMP 28. 25 27. 69 27. 59 29
TEMP 27 62 27.74 27.93 28
TEMP 28. 23 27. 50 27 42 7.
TEMP 27.74 27. 30
MEAN -1.78 -1 87 -2 24 -2
MEAN ~3. &7 -4 13 -4 57 -5
MEAN -6.17
SD 1.05 1. 02 0. B6 (4]
SD 0. 74 o9 0 95 0.
SD 0. 86
Test & 2
POS 0. 80 100. 150 200 2%0
POS 300. 350. 400. 450. 500. 9S50
POS 600
—_— TEMP 29. 20 29 31 28. 26 31
. TEMP 28. 17 28. 07 28. 48 28
TEMP 28. 44 27 78 27 21 26
TEMP 27. 34 27 31
MEAN -6 9% -7.10 -7 40 -8
MEAN -9. 06 -9 73 -10 12 ~-10
MEAN -11.92
SD 0 47 0.47 0o 31 (o]
sp 0. 56 0 70 0. 54 o]
sD 0 3%
Test # 3
POS 0. 50. 100. 150 200. 2%0
POS 300. 350. 400. 450. 500 5%
POS 600
TEMP 29. 35 32 90 30. 50 34
TEMP 29 70 29. 09 29 58 29
. TEMP 29. 24 28. 48 28. 99 28
, TEMP 28. %8 28. 02
. MEAN -5 22 -9 56 -6 20 -6
' MEAN ~7.72 -8 32 -9. 00 -9
" MEAN ~10. 46
- sD 0 18 0 74 0 5% 0.
‘ sD 0 648 0. 43 0.30 0.
st sD 0 07

. POS o

Pas 600

. N e T T T e T e e e e

30. 100. 150 200 2%0

300 350 400. 45%0. 500. 350

of

10
20
28

58
14

o8B
89

11
56
92

[o] -]

sa

63
61

49
12

35
37

35
35

BaBrCn® i .5 ot ‘e oy a2 8¢ fnn Ade 540 -pany [SR 0 e P oy

icc et

<8
28.

27.

-2
-5

28.
28.
26

-8
-11

29.

29

28

-6
-9

P

10
23

=1:]
69

. BO
.79

09
68
31

44
27

.61

21

65
[}
34

20
se

83
a7

7.

28

Q7.

-3
-6

27.
28
27.

-8.
-11.

<6
29
28

-7.
-10.

(o}

[

59
30
47

20
07

.81
. 90

87
61

75
54

. 45
. 49

92
29
34

40
76

65
a5
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TEMP 9. 38 33 47 31. 10 3%5. 28 29.17 28. 59
TEMP 30. 0% 29 08 29. 95 29. 90 30. 37 29. 46
TEMP 29. 42 27.78 28. 59 27. 49 27. 64 27. 96
TEMP 27. 683 27 62
MEAN -11. 60 -11.8% ~-12. 7% ~13.19 ~13. 6% -14.17
MEAN -14. 69 -15. 47 -16. 09 -16. B2 -17.17 -17.78
MEAN -17.86
SD 0. % 0. 83 0. 64 0. 62 0.73 0. 6%
SD 0. 48 0. 49 0. 59 0. 49 0. 68 0.72
SD 0.57
Test & S
POS 0. S0. 100. 150. 200 2%50.
POS 300. 3%0. 400. a45%0. 300. 5%0
POS 600
TEMP 28. 7% 32. 99 31. 03 35. 69 28 99 28. 53
TEMP 30. 04 28. 99 30. 18 29. 84 30 21 29 4%
TEMP 29. 23 27. 53 28. 33 27. 26 27. 40 27.72
TEMP 27. 62 27. 48
MEAN -12. 02 -12. 32 -12. 78 -13. 64 -14.06 -14.80
MEAN -15. 54 -16. 29 -16. 96 -17. 81 -18. 4} -19. 02
MEAN -19. 958
SD 0.83 0. 65 0.383 0. 62 0.93 0. 52
SD 0. 67 0. 67 0. 8% 0.8 0. 99 0. 94
sD 0. %7
Test & b
POS 0. 50. 100. 1%0. 200. 25%0
POS 300. 390. A00. a%0. 500. 530
POS 600
TEMP 28. 27 32. 80 31. 01 3625 29. 53 a9. 06
TEMP 30. 43 29 3% 30. 8¢ 30 25 30. 74 29 86
TEMP 29.79 28. 25 29. 40 27. 69 28. 21 26 20
TEMP 28. 69 27.99
MEAN -8. 04 -8 31 -9. 59 -9. 36 -10. 00 -10. 38
MEAN -11.13 -11. 93 -12 56 -13.13 -13. 96 -14. 7%
MEAN -14.87
sD 0.75 0. 96 1. 31 0. 68 0. 67 0.88
sD 0.70 0. 60 0.70 0. 72 0. 60 0. 52
SD 0.72
Test & 7
POS 0. 50. 100. 150 200 250
POS 300. 350. 400 4%0. 300. 330
POS 600.
TEMP 28. 27 32. 80 31.01 36. 25 29. 33 29. 06
TEMP 30. 45 29 35 30. 89 30 2% 30. 74 29. 86
TEMP 29. 79 28 2% 29. 40 27. 69 28. 21 28. 28
TEMP 28. 69 27. 99
MEAN -8. 04 -8 31 -9 70 -G 46 -10. 11 -10. 43
MEAN -11 23 -12 07 -12. 65 -13 23 -14. 0% -14 87
MEAN -14. 74
SD 0 .75 0 96 1 29 o 77 0.78 0 94
SD 0.76 0 68 0. 76 0 78 0 66 0 57
SD 0. 64
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’
Test # e
pos 0. 50 100 150 200. 250.
POS 300. 350. 400 450. S00. 5%0.
POS 600
TEMP 27. 90 33 80 31. 06 36. 88 29. 26 26 €7
TEMP 30. 36 29. 26 30.79 30. 50 31.23 29 99
TEMP 30. 09 27.70 29. 14 2719 27. 82 27. 90
TEMP 28.73 27. 63
MEAN -9.97 -10. 43 -11. 20 -11. 96 -12. 97 -13. 20
MEAN -13.71 -14. 87 -15. 92 -16. 29 -17. 14 -17. 61
MEAN -17.77
§D 0.17 0. 49 0.52 0.47 0. 45 0. 54
sD 0. 33 0.58 0. % 0. 39 0. 48 o 51
sD 0.12 s
Test @ 9 AR
POS 0. S0. 100. 150. 200. 250. R
POS 300. 350. 400. 450. 500. 950. L
POS 600. L
TEMP 28. 55 34.80 32. 00 3. 72 30. 08 29.35 -
TEMP 31.07 29. 64 30. 93 30. 76 31. 46 30. 22 ;v--!q:-;'
TEMP 30. 47 28. 3% 29. 87 27. 9% 28. %2 26. 47 ARG
TEMP 29. 06 28. 20 AL
MEAN -g. 51 -8 90 -9.83  -10.53  -11.2%  -11.79 GO
MEAN -12. 38 ~13.23 -13. 94 -14.8% -15. 66 -16. 22 o
MEAN -16. 27
sD 0.48 0. 48 0. 45 0. 46 0. 40 0. 31
sD 0. 27 0.25 0.25 0.36 0. 40 0. 51
8D 0. 36
Test & 10
POS 0. S0. 100. 150. 200, 250.
POS 300. 350. 400. 430. 500. 950.
POS 500.
TEMP 28 85 35 13 32 21 3%. 73 30. a8 29. 54 :
TEMP 31. 24 29. 88 31. 07 30. 59 31,32 0. 22 e
TEMP 30. 37 28. 37 29. 86 28. 15 28B. 74 1. 68 V-
TEMP 29.17 2B.35 -
MEAN -8.39 -9.10 -9.49 -10. 38 -10. 99 -11.36 N
MEAN -12. 07 -12 83 -13 40 -14. 20 -15 0% -13 49 RN
MEAN -195. 66 TN ATI S
sD 0.32 0. 44 0. 40 0. 47 0 &7 0. &1 IR AR R
sD 0. 44 0.39 0. 40 0. 40 0. 14 0. 42 e
sD 0 14
ACTUAL DATA
BEERESEEREES
SPREAD
Up Down
Test ¢ = |
-0 12 -1.30 -1 30 ~1. 61 -1. 61 -1.73 0. 77 0 23 BTy
0. -1.57 -0 71 ~2 20 -1. 50 -2.83 114 -0. 33 SN
-0 55 -1.93 -1 34 ~2 36 -1.77 -2.83 1. 02 -0. 14 AN
-0.59 -240 -181 ~268 -205 -398 110 -030 t\“-_;f_:.:;_,-,
s
r""x‘\‘.“'k\i
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RS
o's a1 4 a0,

VR
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AN

-1

~1.
-2.
-2
-3.
-3.
-4,
-4,
~S.

&9
77
52
S
19
54
17
33
o8

Teost

-6.
~6.
~7.
~6.
-7.
-8.
-8.
.37
-9

-9.

-9

-11.

-11.
=11

42

01
89
56
19
74

61
61
i4
50
o4

Test

-4,
. 94
-2
-6.

-,

-6

-7.
-8.
-9.

-9

-10.
-10.

87
10
7%
61
81
48
58
02
43
33
39

Test

=11

-11.
-12
-12

-13

-14,
-14.
=13,
-15.

-17
=17
-18
-18

87
93
68
80
78
37
S3
S1
83
03
44
13
a3

Test

~11
~-12
~i2

-13

~13
~15
-15
~16

73
24
80
58
86
16
98
as

-

~.
-2
-3.
=3
~-3.

® = 2

-6,
-7.
-7.
-8.
-8
-9.
-8.
-9.
-10.
-10.
-13.
-11.
-11.

-b.
=6.
=-b.
-7.
-7
-8
-8.
-§.
-9.
-10
-10
-10.

-11.

-12
-13

-13.

-13

-14.
-19.
-135.
~16.
-17.
-17
-18.
-18.

-12.
-13.

-i3
-14
-14
-15
-16
-16

76
80
28
o2
97

-1.
-2.
-2.
-3.
=3.
.45
-9,
-3.
-5.

-6
-7.
=7.
-7
-8
-8.
-9.
~-10.
~10.
~10.
~11.
~10.
-11.

-3
-9.
=6
-6

-6

-7
-7.
-8
-8.
-9.

-9
-10

-10.

-11.
=11,
-12.

-13
-13

-13.
-14.

-13
=13

=16
-17.
-17.
-17.

-12.

-12

-1a

-13.
-14,

-15
-16

97
28
87
27
74

16
43
61

17
91
19
70
29
<1

39
30
96
a9

3%

o0&
14
61
76
76
11
90
13
72
31
43

65
50
28
23
35
90
69
3t
91
as
28
60
99

20
05
=
a6
13
b6
&7
26
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-2.
~3.
-3
-4
-4,
-9,
-2
-b.
-3,

-7.
-6
-7.
-8.
-9
-8.
-8.
-8.
-9.
-10.
-10.
-10.
-11.

-5'
-9,
-4
-b.
-7.
-7
-7
-8
-9.
-9.
-10.
-10.
-10.

-11.
=-11.
-12
~13
~-13.
~-14.
~15.

~19
~-16
-17
~17

~18.

~17

~11.

-12
~13
-13
~14
-15
-15
-16

-2
-2.
-3,
-4

-4
-4
-
=S
-5,

-7.
-7.
-7.
-8
-8
-9
-9,
-10.
-11.
~-11.
-11.
-12.
-12.

-3,
-4,
-3.
~5.
-6
~b.
=-7.
-8.
~8.
~9.
-10.

-10

~-10.

-11.
-11.
-11.
-12.
-12.
-13.
-13.
~14,

-15

-16.

~-195
-16
-17

~-11.

-12

-12.

~13
~-13
-i4
~15
-16

09

3%
02
235
6%
31
67
30

48
44
%6
S8
39

o2
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o=
50
30
17

20
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43
91
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57
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39
86
23
00
&7
-
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32
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17

54
17
36
&3
70
49
31
06

-3
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-S.
-b.
-b.
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-9.
-9
-9.
~-10.
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-6.
-7.
-6
~7.
-B
-8.
~-8.
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-9.
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-13.
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-14.
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-19
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-16 73 -i6 73 -16 06 -36 0& -16. 02 ~316 02 0. [o]
Test @ = 310
-B 3¢9 -8 66 -8 66 -8. 43 -6. 43 ~7. 80 -0 10 0.10
-8 %96 -9 .72 -8 86 -9. 93 -8. 54 -8. 98 0. 31 -0. 31
-9 61 -9.%3 -9 97 -10. 286 -9.13 -10. 00 0.2% -0. 2%
-10 04 -10 67 -10 12 -10 91 -9. 76 -10. 79 0. 41 -0. 41
-10 28 -11. 69 -10. 39 -11. 38 -10. 91 -11. 69 0. 60 -0. 60
-10 %% -12 01 -11.02 -12. 17 -11. 06 -11.30 0. 47 -0. 47
-11.90 -12 %6 -11. 93 -12 %6 -11. 69 ~-12 20 0. 37 -0.37
-12 66 -13. 39 -12. 72 -13. 23 -13. 48 ~12 48 0. 20 -0. 20
-13 11 -14 06 -13. %6 -13. %0 -13. 15 ~12. 99 0.12 -0. 12
-13 98 -14 80 ~13. 94 -14 61 -13. 94 ~13. 94 0. 2% -0. 2%
-19 00 -1% 04 -14. 80 -15. 24 -19%. 08 ~19. 12 0. 09 -0. 09
-1% 24 -195 94 -18. 43 -15. 94 -14. 64 ~-15. 51 0. .31 -0 31
-1% 83 -1% 83 -19 951 -15. 31 -19%5. 63 ~15 63 0. 0.

Regression Equation

T11#-4,07 - 0.35e-3%*T2%Z 4+ 5,72%T}9 - 0,37#T2
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TESTL o TEST2 , TESTY » TEST™Y ¢ TESTS o TEST8 x TESTY z TESTE y TESTO x TESTI0

10.007
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2 AX1S
RESULTS OF ROLL ERROR (src-set)

X axis at 140 000 mms
Y axis at 429 999 mes
Z axis ot 24. 999 ams
Ref is at + ve on right

Test & 1

POS 0. 50 100. 130. 200. 250

POS 300. 350. 400. 450. 500. 550.

TEMP 25 40 25 57 2s. 25 26. 14 25. 35 25 11

TEMP 25 18 2s. 23 2s. 38 25. 38 25 48 25 48

TEMP 25 50 2s. 01 23. 06 24.91 24. 99 25 01

TEMP 25 31 2496

MEAN 0. -0. 08 -0. 67 -1.08 -1.92 -2. %0

MEAN -3.83 -4. 50 -8. 25 -6. 50 ~7. 00 -7. 50

) 0. 0.20 0.7% 1.07 0.86 0.55

sD 0. 61 0.55 0.82 .55 0. 55 0.
Test @ 2

POS 0. 50. 100 150. 200. 250.

POS 300. 350. 400. 450. 500. 350

YEMP 26. 00 27. %8 26. 23 28. 31 29. 89 25 9%

TEMP 25 87 25. 60 25. 84 2% 70 25. B4 2575

YEMP 25. 7% 2s. 30 2. 60 28 21 2s. 33 2s. 28

TEMP 25. 30 2s. 21

MEAN -0.83 - -0.7% -1. 67 -2 25 -2. 7% -3.67

MEAN -3, 67 -5 50 -6.08 ~7. 00 -7. 92 -B. 00

D 0. 26 0. 82 0. 61 0. 82 0. 69 0.75

sD 073 0.55 0. 86 Y 0. 49 0
Test @ 3

POS 0. 50 100 150 200. 2%0. AN
POS 300. 350. 400 450. 500. 550 AL A Yy
TEMP 26. 63 3120 28. 48 31. 42 26. 86 26. 37 AN,
TEMP 27. 11 26. 40 26. 79 26. 49 26 72 26 35 AR RNLY
TEMP 26 37 23 94 26. 53 25. 69 25 96 2s. 81 RSN Ch ¢
TEMP 26 01 25 64 ~”~f%}2 n
MEAN -1 50  -1.92 -2.50 -2 83 -3.58  -4.317 I
MEAN -5 17 -5 87 -6 42 ~7. 42 -8. 00 -B. 50 B
sD 0 0 49 0.55 0. a1 0. 66 0. 61

SD 0 41 0 41 0. 49 0. 49 0. 45 0.
Test # 4

POS 0 50 100 150. 200. 250

POS 300. 350. 400 450 500. 550.

TEMP 27 23 33 oz 29 28 33. 06 27 a2 26.79

TEMP 27 82 26 84 27. 40 26. 99 27 31 26. 74

TEMP 26.77 26 28 27.13 25 96 2633 2611

TEMP 26 25 25 93

MEAN ~0 50 -0 75 -1 50 -2 50 -2 58 -3 33

MEAN ~a 50 ~-5. 00 -5 50 -6 38 -7.%0 -7 50

sD 0 o 82 0. 55 0. 55 0 49 0 75

$D 0 5% 0 55 o 55 0 66 0. 55 0

Test & 5

POS 0 30 100 150 200 250

POS 300 350 400 450 500 550

TEMF 27 03 33 9 30 14 33 a5 27 70 27 06




TEMP
TEMP
TEMP
MEAN
MEAN
SD
Sb
Test @& &
POS
POS
TEMP
TEMP
TEMP
TEMP
MEAN
MEAN
SD
SD
Test & 7
POS
POS
TEMP
TEMP
TEMP
TEMP
MEAN
MEAN
SD
sD
Test & B
POS
PODS
TEMP
TEMP
TEMP
TEMP
MEAN
MEAN
sD
SD
Test & 9
POS
POS
TEMP
TEMP
TEMP
TEMP
MEAN
MEAN
sD
8D

28 43
27 04
26 48
-0 17
-3 83

0. 50
300. 3%0.
*%. 70
*8. 63
27. 31
26. 33

1. 00
-0. 2%

0
0. 42

0. 50
300. 3%
24. 98
27. 29
27. 26
26. 53

2. 00
=-0. 50

0. 55

0. 50
300. 330
25. 63
28. 66
27. %6
26. 51

2. 00
-0 17
o]

0. 41

0. 50
300. 3%0.
29%. 63
28. 66
27. 44
26. 32

-1. 00

1. 10

27 16
26 %0
26 11
-0 S50
-4 58
0. 55
0. 66

100. 150
400. 450.
33.79
27.23
26. 08
26. 04
1.17
-0.83
0.98
0. 98

100. 150.
400. 450
29. 36
26. 45
25. 62
25 62
1. 50
-1.00
0.%%
1.10

100. 150
400. 430.
33.10
7. 59
26. 1%
25. 97
1.67
=0.79%

0. 82

0 68

100. 13%0.
400. 450
33. 71

27. 86
2615
25.88
0.92
-1.33

1. 02
0.75

306

27. 89
27. 60

-0 83
-5 17
0.93
0. 52

200. 250
500. ¥50.
30. 03
?8.77
27. 14

1. 00
-1.33
1.10
0.75%
200. 250
500. 550
27. 48

27. 24
26. 67

0. 92
-1.33
0.74
0. 82

200. 250
$00. 550.
29. 44
28. 66
27. 51

1.08
=0. 67
1.02
1.03

200. 250.
500. 950.
30. 95
28. 91
27. 07

0. 50
-2. 08
0. 55
1. 02

o np

27
26

-1.
=5,
.82
.49

34.
.23
2%.

-2.
. 20
-1

30
27.
25.

34
28
25.

-

oo

34.
28.
25.

-3.

RN Y

33
16

75
92

78
[-2)

%0

46
87
23

. 67
-2
.e2
.82

33

21
32
75

.75
. 50
.88
. 85

94
37
53

33

.75

27
Qb

-2
-5

27.

28

26

-3

27.
28.
25

-3.

28

28
26.

-3

28.
28.
25.

-3

70
65

25
°8
69
49

28
65
03

50

-1

S6
24
84

33

.82

15
73

S0
7

. 55

12
66
75
92

74

MANALN o N o

<6 96
26. 35

-2.7%
~7. 00

27. 04
27.33
26. 21

-3. 50

26. 21
27. 09
25. 82

-3. 67

27. 37
27. 4%
26. 24

-3. %0

27. 44
27. 54
2622

-4 30

5

4
RO

R

{' \:{:

IACNOA
PNy

NENT
P e




——e-3 8 3w

ACTUAL DATA

Test & 1
0. (o]
0. 4]
0. -1
0. -1
-1. 00 -2.
-2.00 -3
-3. 50 -4,
-4 00 -5
~4. 50 -6
-&6. 00 -7
-6 50 -7
-7.50 -7
Test & 2
-0. %0 -1.
o) -1
-1. 00 -2.
-1.30 -3
-2. 00 -3
-3. 00 -4
-4 00 -9
-3. 00 -6,
-5. %0 -b6.
-6 50 -7.
~-?7. 50 -8
-8 00 -8
Test @ 3
-1 50 -1.
-1.50 -2
-2 00 -3.
-2. 50 -3
-3 00 -4
-3 50 -5
-4. 50 -5
-5 00 -6
-6 00 -7.
-7. 00 -8
-7. %0 -8
-8. 50 -8
Test & 4
-0. %0 -0.
0. -1
-1 00 -2
-2 00 -3
-2 50 -3
-2 %0 -4
-4 00 -5
-4 %0 -5
-3 00 -]
-6 00 -7
-7 00 -8

-1.

-1

-1

-2

-3

-4
-3

-3
-6
-7
-8

-1
-1
-a

-2

-3
-3

~5.

-5

-7
-7
-8

-0

-1
-2
-2
-2
-4
~4
-5
-6
-7

. 00
.00
. 00
.00
. 90

00
50

. 50

00

00
S0
00
00
00
00
°0
50
50
00

50
50
00
50
00
S50
00
50
00
00
S0
50

50

00
00
00
50

50
00
[o]¢]
(¢]e]

-1.
-2
-2.
-3

~4,
-95.
-b.
-7.
-7.
-7.

-1.
-1.
-2.

-3

-3
-4

-3

-6.
-6
-7.
-8

-1.
-2

-3
-3
-4
-4

-5

-6
-6
-7
-8
-8

-0
-1

-2.

-3
-3
-4
-5
-5
-6
-7
-8
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50
50
00
S0
00
00
00
50
50

S0
00
00
50
50
50
o0
50
50
S0
00

50
50
00
00
00
S50
50
00
50

50
50

50
S50
00
00
00
00
00

00
S50
00

-0
-1.
-2
-3
-4
-4,

-6

-6
~7.

-1.

-1.
-1
-2

-3.
-4,
-3

-3

-6

=-7.
-8

-1
-1.

~-a

-2

-3
-4

-5
-5

-6
-7
-8

-0

-1

-2

-2

-3

-4
-4
=5
-6
-7

%0
S0
00
50
00
50
00
50
50

00

%0
%0
S0
00
00
00
S0
50
S0
00

50

00
50
00
00
00
50
00
00
00
50

50

-0

-1.
-2.
-3

-3
-4
=5

-6

=7.
-7.
=7.

-0

R
-2

-3.
-3

-4,
=5.
-6
-7.
-7.
-8
-8

-1,
-2.
-3

-3
-4
-4

-5

-6
-7
-8
-8
-8

-0
-1

-

-3
-3
-4
-5
-5
-6
-7
-8

S0
00
00
00
00
S50
00
00
00
50
$0

50
S0
00
00
00

00
00
00
50
00
00

50
00
00
50
50
50
S0
00
00
00
00
50

50
30
00
00
00
00
00
50
00
00
00

SPREAD
Down
0. 0.
0. 08 -0
0. 67 -0.
0. 92 -0
0.7% -0
0. 50 ~-0.
0. 50 =0.
0. 50 -0.
0.7% -0.
0. 9%0 -0
0. 50 -0
0. 0.
0. 0.
0.7% -0.
0. 50 =-0.
0.7% -0.
0. 58 -Q.
0. 67 ~0.
0. 67 -0.
0. 50 -0
0. 58 -0.
0. 5C ~0.
0. 42 -v.
0. 0.
0. 0.
0. 42 -0
0. 50 -0
0.33 -0.
0. 58 -0
0.5 -0.
0.33 -0
0. 33 -0
0 a2 -0
0. 42 -0
O 33 -0
0. (o]
(o] (o}
0.7% -0
0. 50 -0
0. 30 -0
0. 42 -0
0. 67 -0
0. 50 -0
0 %0 -0
0 50 -0
0 58 -0
0 %0 -0

o8
67
92
75
50
50
50
75
S50
S50

75
S0
75
58

67
S50
58
50

am

a2
S50
33
S8
50
as
33
42
42

33
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Regression Equation
-0.02*%Z + 1,29*T10
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TEST1 4 TEST2 , TEST3 x TESTY o TESTS o TEST6 x VEST? 2 TESTS
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2 AX1S
RESULTS OF YAW ERROR (arc-~sec)

X axis at 300.00 mms (indep)
Y axis at 300. 00 mms (indep)
2 axis at 40.00 mes

Dir of laser R

Test & 1
POS 0. 350. 100. 15%0. 200. 2%0
POS 300. 350. 400. 45%0. 500. 5%
POS &00
TEMP 29. 50 29. 86 29. 30 30.73 29. A9 28. 74
TEMP 29. 08B 28. 74 29. 10 28. 61 28. 79 28. 76
TEMP 28. 74 28. 74 28. 96 26. 49 28. 64 28. %7
TEMP 8. 59 28. 35
MEAN -0. 07 ~0. 09 0.01 0. 09 0.3% 0. 51
MEAN 0. 83 1.954 2. 07 2. 02 2 43 373
MEAN 4.19
sh 0. 31 0. %4 0. 60 0. 62 0. 71 0. 74 0. 83
8D 0. B4 0. 80 0.91 0. 93 0. 90 0. 09
Test @ -]
POS 0. 50. 100. 150. 200. 2%0
POS 300. 350. 400. 4350 500. 9%0.
POS 600

— TEMP 29. 38 30.13 29 49 31.9% 29. 40 28. 94
TEMP 29. 40 29. 01 29. 47 29. 08 29. 2% 29. 16
TEMP 29. 11 28. 74 28. 74 28. 50 28. 62 28. 72
TEMP 28.77 28. 55
MEAN 1. 22 0. 60 0. 856 1. 09 1.33 1. 39
MEAN 1.88 2 28 2. 71 3 14 3.38 4. 34
MEAN 4 .95
sD 0. 68 0. 47 0. 51 0.72 0.83 0. 82 0 83
sD 0. 65 0. 61 0. 84 0. 94 0. 81 0. 5
Test @ 3
POS 0. S0. 100. 150. 200 2%0
POS 300. 350. A400. 450. S00. 5%0
POS &00.
TEMP 28. 15 29 33 28. 77 32.9% 28. 23 28. 26
TEMP 28. B4 28 48 29. 23 29. 21 29. 47 29. 11
TEMP 29. 01 7. 94 28 08 27. 62 27. 64 28. 21
TEMP 268.13 268. 11
MEAN -0. 94 -0. 56 -0. 49 -0. 22 ~-0. 41 0.
MEAN 0. 31 1. 00 1.19 1.23 1. 52 2. 62
MEAN 3.12
SD 0. 82 0. 94 0. 91 0. 92 1. 16 1.12 0 %1
SD 1.07 0. 97 1. 07 1. 20 1. 00 0. 53
Test # 4
POS 0. 50 100. 150 200 250
POS 300. 350. 400. 4%0. 500. 550
POS &00
TEMP 28. 50 31. 32 30. 06 34 03 29 28 28. 91
TEMP 29. 69 29 21 29 86 29 &4 29 96 29. 5%
TEMP 29. 52 28 45 28 86 28 21 28 33 28. 55
TEMP 28.77 28 38
MEAN -1 a9 -1 a7 -0 B89 -0 70 -0 47 -0 20
MEAN 0 06 0 62 0 94 0 83 1 21 Q17
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ROS
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TEMP
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MEAN
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SD
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2 36
0 14
0 74
-

600.

50.

3%0. 400

27.83
29. 79

29. bb

-1.88
-1.06
1.7%
0. 09
Q.76
[

- =~

Q.

28. 69

31. %8
29.15
28. 22
28. 32

-1. 92
-0. 28

S0.

0. 62
0.75

100. 1%0.

300. 350. 400. 450.

600.

0. 39
1.57
3. 64
0. 22
0. 81
7
0.
300
600.

1. 20
2. 38
5. 09
Q. 43
Q.82
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.
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26. 60
29. 41
29. 92
28. 40

50.

100.

31. 74
28 14
27.33
27. 65
0. 60
213

0. 54
0.83
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100. 1%0. 200 250
430. 500 9%0

30. 34
30. 05

2. 74

-1. 69
0 20

0.73
0.94

200.
500.

0.79
2. 32

0. 36
0. 68

250
530

29. 79
29. 31
28. 14

150. 200. 250.

3%0. 400. 450 500 550

26. 58
29. 18
29. 52
28 20

50.

30. &9
28B. 4%
2b. 96
27. 37
1. 45
3.0

0. 34
0. 58

100. 150

350. 400. 450.

25 70
29 Oz
29. 24
27. 90

S
-‘JQ -

I

A al

31.:4
28 36
26 65
27 02
1. 47
2 68

0. 67
0. 83

.
.t

1. 959
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0. 42
0. 60
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3 04
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0 95
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29. 68
27 41
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ACTUAL DATA
L2 D47 | 22 1 73
SPREAD
Up Down

Test & 1

0 12 -0. 43 -0. 43 0. .24 0. 24 -0.12 0.04 =0. 04
-0. 94 0.3 -0. 43 0. 16 -0. 16 0. 51 -0. 42 0. 42
-0. 87 0. 24 -0. 47 0.63 -0. 08 0. 63 =0. 4% 0. 49
-0. 04 0. 51 -0. 63 0. 63 -~0. 63 0.71 =0. 82 0. %2
-0. 39 0. 91 ~0. 24 0.94 ~0. 24 1. 14 =0. b4 0. &4

0.12 1. 42 -0. 24 0. 98 -0. 31 1.06 -0. 63 0. 639

o 1. 54 0. 1.73 0. 24 1. %0 -0.7% 0.7%

0.5%% 2. 20 1.02 2.40 0.79 2. 24 -0.7% 0.75%

1. 30 2.17 1.50 3.07 1.42 2 99 -0. 67 0. &7

1.06 2.72 1.22 2. 83 1.30 2. 99 -0.83 0.83

1.73 2. 91 1. 42 3.3 1. 69 3. %54 -0. 82 0. 82

3.03 4. 29 2.99 4. .72 276 4 61 -0. 81 0.81

4 17 4. 17 4. 09 4. 09 4 29 4. 29 0. 00 0. 00
Test & 2

0. 94 0.9 0. .91 0. 96 0. 98 2. 60 -0. 28 0.28

0.04 0. %94 0.20 1.22 0.3% 0.83 -0. 40 0. 40

0. 3% 1. 30 0. .31 1.22 0.55% 1. 42 =0. 4% 0. 4%

0.31 1.54 0. 16 1.81 0.98 1.73 =0. 60 0. 60

0.3% 2.05 0. 39 1.97 1.06 2.13 -0. 72 0. 72

0 67 2 01 0.31 2.17 1.02 2 17 -0. 72 0. .72

0.83 2 24 0. 94 2. 64 1.85 2.76 -0. 67 ~oe

1. 69 2 95 1. 50 2.9 1.93 2 72 ~0. 58 0. %8

2 09 3.3% 2. 0% 315 2 36 3.27 -0. 54 0. 54

2.13 3. %0 2 36 3.78 2. 68 3. 98 -0.7% 0.75%

2.01 3.98 2 36 4. 21 3.8s 3. .86 ~0. 64 0. 64

3. 39 s 00 3. 3% S 16 4. 88 4. 29 -0. 47 0. 47

4 61 4 61 4. 57 4. 57 5. &7 S, 67 -0. 00 -0. 00
Test & 3
-2. 01 ~1. 26 -1.26 -0.79 ~0.79 0. 47 -0. 43 0. 41
-1.54 -0. 28 -1, 54 0. 24 ~0. 94 0.71 -0.78 0.78
-1.30 -1.14 ~1.06 0.47 -0.7% 0.83 ~0. 34 0.5%4
-0. 94 ~0. 63 -1, 22 0.823 -0. 3% 0.98 -0. 62 0. 62
-1.%7 -1.18 -1. 22 0. 94 -0. 5% 1. 10 -0. 70 0. .70
-1.26 -0. 5 -0. 71 1.26 -0. 28 1. 50 -0.7% 0.75

-0. 63 0. -0. 20 114 -0. 16 1.73 =0. 64 0 64

0. 08 0.87 0. 1.97 0 A7 2. 64 -0. 82 0. 82

0. 24 071 0. 43 2.17 1. 02 2. 60 ~0. 63 0. 63

0.28 0. 67 0.3% 2.13 1.02 2.91 ~0. 68 0. 68

0. 3% 1. 22 0. 39 2.72 1.18 3.23 -0.87 o 87

1. 61 2. .83 1. 54 3 4s 2. 24 4. 02 -0.82 0 82

2 &4 2 64 2.95% 2.9% 3.78 3.78 0. o

Test # 4

~-1. 26 ~1. 42 -1. 42 -1.30 ~-1.30 -1.02 -0. 04 0. 04

-1.8% ~1 02 -1.81 -0.75 ~1. 57 -0. 63 -0. 47 0. 47

-1. 69 ~0. &7 -1.38 -0 20 -1.18 -0. 24 ~0. 52 0 52

-1.10 -0 31 -1. 54 -0 04 -1. 06 -0. 12 -0. 54 0. 34

-0.83 0. -0. 98 0. 04 ~1 14 0.12 -0 %2 0. %2

-0 91 0. 63 -0. 55 0. 20 -1.02 0. .47 -0. 63 0 63 M)
-0 &7 0 71 -0. 39 0 79 -0. 5% 0 47 -0 &0 0 60 o
-0 20 1 04 0 24 1.18 -0 16 1. 30 -0 66 0. 66 A
0 24 1 50 0 28 1 97 0 12 1 54 -0.73 0 73 .
0o 24 1 54 0 16 1 42 0 12 1 S0 -0 &6 0 &8 o
0 24 2 32 0.47 2 09 0 31 1 85 -0 87 0 87 LS
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1 24
2 %
Test & 5
-1 93
-2 72
-2 60
-2 460
-2 40
-2 0%
-1.93
-1.368
-Q 47
-0. 47
-Q 24
0 3%
Q13
Test ¥ 6
04
04
24
39
20
47
22
38
57
. 69
[+1]
99
82
st & 7
10
0é
18

frrpoooéé

P
*wunph

S0
61
-4
83
68
24
09
06
72
st & B
65
.99
22
.30
&9
18
10
97

T

32
. 60
65
85
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Pegression Equation
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19
96

81
42

34

. 91

71
87
47
28
S1
06
10
0%
13

51
46
18
14
06
30
&5
17
&4
72
1%
82
82

10
e
73
b4
18
03
9%
15
90
74
29
92
72

67
3]
32
44
60
72
91
62
23
0é
49
87
85

WhHeHee=»00000

BUNRNRN R mr e BUNRNNNEN O~~~

54

<0

83
52
13
o3
[-3]

.85
.69
.75
-3
.79
.43

87

. 54

51

1é
79
35
31

30
30
42
22
89
B85
40
(Y]

10
63
18
o8
42
40
05
72
64
76
68
S8
69

67
06
30
73
69
34
89
93
32
17
o4
74
76

0.99e-5%z%2

+46.24
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03

20

MW

.97
85
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. 42
94
3%
73

. 43

42

.10
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. 80

. 54
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OO ™ O

""f-"-"'o

S1
87
18
30
57
93
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58
78
91
27
17
b6

WeWRNNW == ==OO0

61
28
20
77
03
87
76
03
23
&2
bb
&9
&9

PEPULUWNNL=NN-

rvs
a4
28
&0
60
27
94
1%
82
17
33
63
76

PULPUVWUNNNN -

ALUBNUNNEL = 2220 WHN>>RN*00~0000

Y T L e et

o
3

97
a3
17
09
o1
0%

&7

.29
. 43

20
&3
S7

51

71
&7
3a

91
89
20
54
81
64
43

61
71
38

%4
81
8%
a3
52
72
68
70
4%

a6
14
73

. %0

30
22
30
93
32
64
48
37
96

ARULVWWRNNNNS =~ WIVWWNNN==O00O0

AUBBBUWWNS=R -~

5
32

77
Q6

83
24

43
21
22
&9
48
24

N
71
67
26
a9
44
48
36

11
31
o2
43

10
$7
a9
48
A8
76
99
o4
66
46
86
69
45

30
93
3R
89
72
1%
13
46
17

13
-3
96

-0

-0

-0
-0
-0
-0
-0

-0.
-0

-0.
-o_

-0
-0

=-0.
-0.
.97
. 6%
-0.
-0.
-0.

-0.
-0.
~0.
~0.
-0
-0.
~0.
. 49
. 92
-0.

~0

-0

~0
-0
-0
-0
-0

-0
-0.
-0.

-0

87

Q2
47
40
99
56
72
b4

61
-}-]
-]
92

0s
41
22
38
4%
A9
43

&7
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3%
62
70
47
52
22

73
49
00

. Q6
~0.

48
40
54
0
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74
70

71

00000000
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0000000000000 0000000000
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Appendix 4 .h".

Programs Used in the Analysis of Machine Tools

THIS PROGRAM wiil SOLVE FUR THE UNSTEADY STATE
HEAT CONDUCTION PROBLEM IN THE Z AXIS OF THE TI10.
FINITE DIFF, METHODS ARE USED.

INPUT RQUIRED IS THE NOAL POINTS, HEAT SOURCES AND
LOCATION OF HEAT SOURCES,

THE PROGRAM IS WRITTEN FOR CYBER 205

AND THE OUTPUT LS DIVERTED TO MAGTAPES ON

CDC PURDUE MACE SYSTEM.

THE STRUCTURE IS THICK WALLED

XXXXX, XXX, Cc¥y,11.

resource(jcat=s2,1p=2,c1=300)

fortran.

request,tapel/1000,cc=w.

request,abcd/1000,rtew,

losd.

go.

mflink(adcd,sec~lal,dd=cé,jca=*
“"access,alter,abcd,sl=1289,vpkecebd”,
"skipetl,abcd”,"write,abed")

NN NDOoODODn

v ¥

v e e

feor

program main(input,output,tapeS=input,taspeb=output,tape’=tape’

1 ,tapel=gbed)
common nodel(1000),en0de(1000),vnode(1000),nno0de(1000),

I 8node(1000),tnode(1000),bnode(1000),tenp(1000),dxe(1000)
common dxw(1000),dxn(1000),dxs{(1000),dxt(1000),dxb(1000)

1 ,templ(1000),n0den(12,10,10),xval(12,10,10),yval(12,10,10)

1 ,2val(12,10,10),indx,1ndy,indz
common cond,rho,capa,tfin,tinc,rteap,rtempi,nus,numi,hval
common qvnl(lOO) nqnodo(loo).nhent 1d1r(100)
dimension rqval(100),tqval(100)
integer nodel,enode,vnode,nnode,snode,tnode,bnode,noden,num
integer old,nqnode,nheat,indx,indy,indz,nual
real dxe,dxw,dxn,dxs,dxt,dxb,temp,templ,xvel,yval,zval,cond
teal tfi{n,tinc,rcemp,rtempi,qval,rho,capa,hval
indx - 12
indy - 8
indz -8

[ indx,indy,indz # OF POINTS ON X,Y AND Z DIRECTIONS
old = {indx*indy*indz
do 10 k = 1,10
do 10 §J = 1,10
do 10 1 = 1,12
1f(1.gt.4ndx) go to 10
1f(j.gt.indy) go to 10
tf(k.gt.indz) go to !0
resd(5,20) xval(t,j,k),yval(i,j,k),zval(i,j,k),noden(s,],k)
20 format(3€5.1,14)
10 continue

cond = 8.91
rho = 7.RS

-\ -
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capa = 0,11
tnow = 0.0

tfin = 360.0 AR b &

tinc = 15,0 1‘-:'.\::'-::-.;\
rtemp= 00.0 '\.-_\.,\'q_\..,y
hval = 0.011 NNRSEN
rteapi = rteap :}1:{¢~;
nheat = 9 P\iﬂf\f\’

nheat 1s # of heat source points
do 50 { = l,nheat
read(5,60) qval(i),nqnode(1),tqval(i)
qval 1s value of heat source
ngnode 18 node associated with heat source
tqval is the value of change in heat source
to use steady heat source set tqval to zero
format(£f7.0,245,£7.0)
continue
do 199 1 = ] ,nheat
rqval(l) = =-qval(i)
continue
numi =0
do 70 k = ],
do 70 j = 1,
do 70 1 = 1,12
if(i.gt.indx) go to 70
1f(j.gte.indy) go to 70
if(k.gt.ind2) go to 70
call ndegen(i,j,k)
sets nodal connectivities
continue
do 80 i = 1,0ld
teap(1i) = rtemp
templ(i) = rtemp
contioue
aug = 0
do 130 4 = ]1,01d
1f(nodel(1).eq.0) then
nea = i-1
go to 102
endif
continue
ipr = 0
nteomp = int(tfin/tine)
do 90 1 = ]l,ntemp
write(l,113) 1

10
10

format(110) 1
call nxtap b_
do 100 § = 1,014 P
temp(4) e templ(j) v
continue r
rtempi = rtemp [

if(numi.gt.0) call inner

inner calculates the cavity temperature
based on the wall temperatures

it i{s the average of wall temperatures
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ipr = {pr +I]
1f(ipr.eq.] ) then
call wrnd(tnow)
call wrele
ipr = 0
endif
do 197 § = [,nheat
qval(j) eqval(j)+rqval(j)
rqval(j) = -rqval(})
write(6,196) qval(j),rqval(j),]
format(2£10.4,110)
cont{nue
1f(1.¢q.5) then
do 19} § = I,nheat
qval(3) = qval(j)+tqval(j)
rqval(j)=~qval(])
write(6,196) qval(j),rqval(}),}
continue
endif
coantiaue
stop
end

subroutine ndegen(1,j,k) .

common nodel(1000),enode(1000),wnode(1000),nn0de(1000),

snode(1000),tno0de(1000),bnode(1000),cenp(1000),dxe(1000)
common dxw(1000),dxan(1000),dxs(1000),dxt(1000),dxb(1000)
ytempl1(1000),n0den(12,10,10),xval(12,10,10),yval(12,10,10)
,zval(12,10,10),1indx,indy,1ndz

common cond,rho,capa,tfin,tinc,rtemp,rtenpi,nua,nuni,hval

cosmon qval(100),nqnode(100),nheat,1d1r(100)

integer nodel,enode,wnode,nnode,snode,tnode,bnode,noden,nus
integer old,nqnode,nheat,indx,indy,indz,nuni

real dxe,dxw,dxn,dxs,dxt,dxb,teap,templ,xvel,yval, zval,cond
real tfin,tinc,rtemp,rtempi,qval,rho,caps,hval

integer oc,0e,ow,on,0s8,0t,o0b -
generates nodal connectivities

oc = g-—-.—..
oe
ow
on
os
ot
ob
oc = aoden(i,j,k)

{f(oc.eq.0) return
1f(i.eq.indx) then

[~RoN-NoNoloNal

oe= =]

dxe(oc) = dxe(oc=1)

else
o e N
POL\N AL
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1f(noden(i+1,j,k).eq.0) ve = =2
{1f(noden(1+1,j,k).ne.0) oe = noden(i+l,},k)
dxe(oc) = xval(i1+!,j,k)-xval(i,}, k)
endif
1f(1.¢q.]l) then
ow = =}
1f(oc.gt.l) dxw(oc) = dxw(oc~-1)
1f(oc.eq.l) dxw(oc) = 8,0
else
if(noden(i-1,j,k).eq.0) ow = =2
1f(noden(i-1,j,k).ne.0) ow » nodea(i-~1,J,k)
dxw(oc) = xval(i,j, k) - xval(i~-1,3,k)
endif
1f(j.eq.indy) then
on = =]
dxn(oc) = dxn(oc=1)
else
if(noden(i,j+1,k).eq.0) on = =2
1f(noden(i,j+]l,k).ne.0) on = noden(i,j+1,k)
dxn(oc) = yval(i,j+l,k)-yval(l,j,k)
endif
1£(j.eq.l) then
os = =]
if(ocegt.l) dxs(oc) = dxs(oc=-1)
1f(oc.eq.l) dxs(oc) = 8,0
else

- tf(noden(i,j-1,k).eq.0) o8 = =2
if(poden(i,j~]l,k).ne.0) os = noden(i,j-1,k) N
dxs(oc) = yval(i,j,k)-yval(i,j~1,k) S lele T
endif .
if(k.eq.1ndz) then
ot = =]
dxt(oc) = dxt(oc~-1) I
else
if(ooden(i,j,k+1).eq.0) ot = =2
1f(poden(i,j,k+1).ne.0) ot = noden(i,},k+l)
dxt(oc) = zval(i,j,k+1) - zval(i,3,k)
endif
if(k.eg.l) then
ob ® ~
1f(ocegt.l) dxb(oc) = dxb(oc-1)
1f(oc.eq.]l) dxb(oc) = 8.0
else
{f(noden(i,j,k-1).eq.0) ob = =2
i1f(noden(1,3,k=-1).ne.0) ob = noden(i,), k=-1)
dxb(oc) = zval(i,j,k)=- zval(l,j,k=1)
endif

.
.
RO

-./ - Q’ -
MOTR LS W %

nodel(oc) = oc
enode(oc) = oe
wnode(oc) = ow
anode(oc) = on
snode(oc) = os
tnode(oc) = ot

bnode(ac) = ob
if(oe.eq.~2.0r.0Ws€G.-2.07e0Ns@q+~2.0T+08s€q.=2.0T,
[} ot.eq.-2.0r.ob.eq.~2) numi = numi+l
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return
end

o nNnno

I subroutine axtmp

common nodel(1000),en0de(1000),vnode(1000),nnode(1000),
‘ 1 8n0de(1000),tnode(1000),bnode(1000),temp(1000),dxe(1000)
. common dxw(1000),dxn(1000),dxs(1000),dxe(1000),dxb(1000)
! ,templ(1000),no0den(12,10,10),xval(12,10,10),yvel(12,10,10)

1 ,2val(12,10,10),1ndx,indy, indez

common cond,rtho,capa,tfin,tinc,rtemp,rtenpi,nun,nuni, hval

cosmon qval(100),nqnode(100),nheac,1d1zr(100)

- integer nodel,enode,wnode,nnode,snode,tnode,bnode,noden,num

integer old,nqnode,nheat,indx,indy,indz,numi

reel tfin,tinc,rceap,rtempi,qval,rho,capa,hval
alpha = |,

do 10 § = 1,100

call solve(l,alpha,j)

real dxe,dxvw,dxn,dxs,dxt ,dxb,temp,templ,xval,yval,zval,cond
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Do NHNOODON

1£(j.gt.90) then

write(6,100) templ(1),templ(100),templ(200)
write(6,100) templ(300),teapl(400),tenpl(500)
format(3f10.3)

THE VALUES ARE WRITTEN TO ENSURE CONVERGENCE
endif

continue

return

end

subroutine solve(i,alpha,11))

common nodel(1000),enode(1000),wnode(1000),nnode(1000),
snode(1000),tnode(1000),bnode(1000),temp(1000),dxe(1000)
common dxw(1000),dxn(1000),dxs(1000),dxe(:000),dxb(1000)
,templ(1000),n0den(12,10,10) ,xval1(12,10,10),yval(12,10,10)
,zval(12,10,10),indx,indy,indz

common cond,rho,capa,tfin,tinc,rtesp,rtenpi,num,numi,hval
comaon qval(100),nqnode(100),nheat,idir(100)

integer nodel,enode,vnode,nnode,snode,tnode,bnode,noden,num
integer old,nqnode,nheat,indx,indy,indz,nuai

real dxe,dxw,dxn,dxs,dxt,dxb,teap,tenpl,xval,yval, zval,cond
real tfin,tinc,rtemp,rtempi,qval,rho,capa,hval

real temp2,teapl3,tenpé,cespS5S,ceapb,teap’

resl delxy,delxyz,delyz,delxz,ae,aw,an,as,at,ab

real aop,ap,q,b

integer {,3,k,1
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e

S

a' el
c does the solving part }“‘%&"Akbw

: old = indx*indy*indz ,
hvall = 0.001949
' 1 do 10 jJ = l,nun
delyz = (dxn(j)+dxs(§))*(dxe(3)+dxb(3))/4.0
i delxz = (dxe(j)+dxw(j))®(dxe(3)+dxb(g))/4.0
delxy = (dxe(3j)+dxw(]j))*(dxn(j)+dxs(3))/4.0
delxyz » (dxe(j)+dxw()))*{dxn{j)+dxs(j))*(dxt(j)+dxb(3))/8.0
aop = rho*capardelxyz/tinc
q = 0.0
do 20 k = l,nheat
‘ 1f(nqnode(k).eq.nodel(j)) then
q = qval(k)
end(f
20 continue
b = q + aoptteap(])
1f(encde(j).1t.0 ) thea
{f(enode(3).eq.~1) then
temp2 = rtemp
ae = hvalrdelyz
endif
1f(enode(j).eq.~2) then
sae = hvali * delyz
temp2 = rtewmpi
end{f
endif
if(enode(j).gt.0) then
temp2 = templ(enode(j))
i ae = condtdelyz/dxe(})
endif
{f(wnode(3j).1t.0 ) then
{f(wnode(j).eq.~1) ther
temp3 = rtemp
aw = hval*delyz
endif
1f(wnode(j).eq.=-2) then
temp3 = rtempi
I aw = hval®*delyz
endif
eandif
1f(wnode(j).gt.0 ) then
temp3 = templ(wnode(3))
avw = cond*delyz/dxw{(j)
endtf
if(nnode(j).lt.0 ) then
) if(nnode(j).eq.-1) then
temp4 = rteop
an = hval * delxz
endif
i{f(nnode(3j).eq.~2) then
tempé = rtempi
an = hvalit*delxz
endtf
endif
1f(nnode(j).gt.0) then
temp4 = templ(nnode(]j))
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an = cond*delxz/dxn(j)
endif
1f(snode(j).lt.0 )then
1f(snode(j).eq.~1) then
temp5 = rtewmp
as = hval * delxz
endif
1f(snode(j).eq.~2) then
as = hvali * delxz
tempS = rtenmpi
endif
endif
1f(snode(j).gt.0) then
tenpS = templ!{(snode(}))
as = cond*delyz/dxs(])
endif
if(tnode(j).lt, 0) then
if(tnode(j)eeq.~1) then
tempb = rteamp
at = hval * delxy
endif
1f(tnode(}).eq.~2) then
tempb = rtempi
at = hvali * delxy
endif
endif
1f(tnode()).gt.,0) then
teapb = teapl(tnode(]))
at = cond*delxy/dxt(]})
endif
1f(bnode(3).1t.0 ) then
1f(bnode{j).eq.~}) then
teap? = rtemp
ab = hval * delxy
endif
1f(bnode(j).eq.~-2) then
teap? = rtempi
ab = hvali * delxy
endif
1f(bnode()).eq.~3) then
tenp7 = teampl(tnode(]))
ad = cond*delxy/dxb(]))
endif
endif
if(bnode(j).gt.0) then
temp? = templ(bnode(3))
ab = cond*delxy/dxb(})
. endif
* ap = aetav+gn+astat+abraop
ik = nodel())
templ(ik) = aettemp2+aw*templ+anttempé
] +as*remp5 + at*tenmpb + abttempl+ b
all =~ vempl(ik)/ap
templ(ik) = temp(ik) + alphe*(all-temp(ik))
10 continue
return
end

T
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subroutine inner

common nodel(1000),en0de(1000),wnode(1000),nnode(1000),
snode(1000),tnode(1000),bnode(1000),tenp(1000),dxe(1000)
common dxw(1000),dxn(1000),dxs(1000),dxt(1000),dxb(1000)
,templ(1000) ,noden(12,10,10),xval(12,10,10),yval(12,10,10)
,2val(12,10,10),1ndx,1ndy,indz

common cond,rho,capa,tfin,tinc,rtemp,rtempi,num,numi,hval
common qval(l100),nqnode(100),nheat,1dir(100)

integer nodel,enode,wvnode,nnode,snode,tnode,bnode,noden,nun
integer old,nqnode,nheat,indx,indy,indz,0unl

real dxe,dxw,dxn,dxs,dxt,dxb,temp,teapl,xval,yval,zval,cond
real tfin,tinc,rtemp,rtewpi,qval,rho,caps,hval

CALCULATES CAVITY TEMP. AS AVG. OF ALL WALL TEMPS.

rteapi = 0,0

do 10 § = 1, num
1f(enode(}).eq.-2.0r.wnode(j).eq.~2.0r.8n0de{j)eeq.-2.
or.nnode(j).eq.~2.0r.tnode(j).eq.-2.0r.bnode(3).eq.~2) then
rtenpi = rtempi+ templ(J)

endif

continue

rtempl = rtempi/numi

return

end

THE REMAINING PORTION SETS THE DATA FOR SAP V

subroutine wrele

common nodel(1000),enode(1000),wnode(1000),nn0de(1000),
snode(1000),tnode(1000),bnode(1000),temp(1000),dxe(1000)
common dxw(i000),dxn(1000),dxs(1000),dxt(1000),dxb(1000)
,temp!(1000),n0den(12,10,10),xval(12,10,10),yval(12,10,10)
,2val(12,10,10),1ndx, indy,{indz

common cond,rho,capa,tfin,tinc,rtemp,rtemnpi,num,numi,hval
common qval(100),nqnode(100),nheac,idir(100)

integer nodel,enode,wnode,nnode,snode,tnode,bnode,noden,num
integer old,nqnode,nheat,indx,indy,indz,nuni

resl dxe,dxw,dxn,dxs,dxt,dxb,zemp,temp!,xval,yval,zval,cond
real tfin,tinc,rtemp,rtempi,qval,rho,capa,hval
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=35
= 304
-1
-1
write(l,10) 1,3,k,l
format(415)
{ =1
la = 2100000000
pr = 0,3
rho = 7,85
te = 0,0000117
write(l1,20) {,la,pr,tho,te
format(15,410,f10.2,f10.5,£10.8)
1 =1
aj = 0.
write(1,30) 1,a),8]
format(15,2£10.2)
ai = 0
aj = 0
ak = 0
al = O
write(1,40) ai,aj,ak,al
format(4£10.2)
ai = |
aj} = 0.
ak = 0,
al = 0.
write(l,40) at,aj,ak,al
ai = 0.
write(1,40) at,aj,ak,al
ai =0.
aj = 0.
ak = 0,
al = 0,

write(l,40) ai,aj,ak,al !.
aj = 1. . A

[ oy

A

write(l,40) at,aj,ak,al ~“;“i“;\:*
{enum = 0 AT
do 60 k = 1,10 NN A0
do 60 § = 1,10 DO 2
40 €0 3 = 112 : AN
1£f(1.gt.indx~1) go to 60 KGRSO
1f(j.gt.indy-1) go to 60 i
{f(kegto.indz~1) go to 60 - - {
nl = noden(1,4,k) : o
n2 = noden(i+l,§,k) SNRSEAN
n3 = noden(i+!,3+1,k) ;“}\}‘;Hﬂ
n4 = noden(1,3j+1,k) '2:6\5\¢\}
n5 = noden(1i,j,k+l) V[:}3?¢\a
n6 * noden(i+],j,k+l) '::w;sfﬁr;
n7 » noden(i+],j+!,k+]) S AP
n8 = noden(1i,j+1,k+!)

fo = 2

mn = ]

ip = |

sft = rrenmp




70
60

tf(nl.eq.0.0r.n2,eq.0.0renl,eq.0.0rené.eq.0.0r.nS5.2q.0.0r.
n6.eq.0.0r.n’7.eq.0.0r.n8.eq.0) go to 60
ienum = fenum + |

write(!,70) ienum,nl,n2,023,né,nS5,06,07,n8,10,mn,ip,sft
format(1215,10x,£10.2)

continue

{ = 6

1l - 40

k = |

write(1l,110) £,3,k

format(315)

i « 2

rho = 7.8

te = 0.,0000117

write(l1,120) f,rho,te,te,te
format(i10,10x,f10.3,10x,3€10.8)
la = 2100000000

pr = 0.3

write (1,130) la,pr
format(110,£10,2)

ai = 0.

aj = 0.

ak = 0.

al = 0.

write(l,140) si1,83,8k,al
format(4£10.0)

agi = 1.0

vrite(l,140) af,aj,ak,al

ai = 0.

write(1,140) oi,a},ak,al
vrite(1,140) ai,aj,ak,al

aj = 981,

write(l,140) ai,aj,ak,al

tpl = (1ndx=3)/3

ipl = {p] + 2

ip2 = 1ipl + 3

ienun =~ 0

do 150 k = 1,10

do 150 § = 1,10

do 150 1 =« 1,2

1£(l.eq.1) 1 = {pl

1f(l.eq.2) { = 1p2
1f(k.gt.indz-1) go to 150
1f(j.ge.2.and.j.le.indy-2) then
{f(kege.2.and,kele.indz-3) then
nl = noden(i,j,k)

n2 = noden(i,j+1,k)

n3 = noden(i,j+l,k+l)

n4 = noden(1,j,k+1)
i1f(nl.eq.0.0r.n2.eq.0.0r.n3,eq.0.0r.nb.eq.0) go to 150
{ienum = ienum + |

ni = 2

ie = |

et =2.0

dl =0.0

sft = rtemp

tgr =0.0
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write(1,160) ienum,nl,n2,03,né,mi,1e,et,dl,sfc,tgr
format(<15,5%x,215,4£10.0)
endif

endif

continue

write(l,201)

format(2x)

af = |

a} = 1

sk = 0

al = 0

write(1,80) ai,aj,ak,al
format(4£10.0)
write(l,201)

vrite(l1,201})

return

end

subroutine wrnd(tnow)

common nodel(1000),enode(1000),wnode(1000),nno0de(1000),
snode(1000),tnode(1000),bnode(1000),tenp(1000),dxe(i000)
common dxw(1000),dxn(1000),dxs(1000),dxt(1000),dxb(1000)
Ltempl(1000),noden(12,10,10),xval(12,10,10),yval(12,10,10)
,zval(12,10,10),indx,indy,indz A

common cond,tho,capa,tfin,"finc,rtemp,rtempi,num,numi,hval
common qval(100),nqnode(100),nheat,idir(100)

integer nodel,enode,wnode,anode,sn0de,tnode,bnode,noden,nun
integer old,nqnode,nheat,indx,indy,indz,nuni

real dxe.dxw.dxn.dxc.dx:,dxb.zelp.:elpl,xvnl.yval,lel.COHG
real tfin,tinc,rtemp,rteapi,qval,rho,capa,hval

] =1

1] = 2

k = 0

g = 981.

vrite(1,10) num,13,3,k,k,k,k,k,k,k,k,k,k,k,k,k,g
format(415,14,11,615,2x,341,345,5%,£10.0)

do 20 k = 1,10

do 20 § = 1,10

do 20 { = ],12

1f(1.gte.indx) go to 20

1f(j.gt.1ndy) go to 20

1f(k.gt.1ndz) go to 20

{nd = noden(1,j,k)

1f(ind.eq.0) go to 20

1f(bnode(ind).eq.~3) then

itbl = |

1tb2 = |

1tb3 = )

else

v v .
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tehl =
1tb2 =
ithl =
endif
ithéd = |
1thbS = |
itbés = 1
i{ix = |
{f(enode(ind).lt.0.and.vnode(ind).1lt.0) then
1tbé = 0
{tbS = 0
itbé = 0
endif
write(l,30) ind,1chl,itb2,4cb3,itbé, 1cb5,1tb6,xval(1,j, k),
1 yval(t,j,k),zval(1,j,k),ix,templ(ind)
30 format(lx,14,1x,14,545,3£10.2,1x,14,£10.2)
20 continue
return
ead
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FOR THERMAL SOLUTION, SEQUENCE OF PRUGRAMS

REQUIRED

{ SEQUENCE HAS BEEN GIVEN ONLY FOR TRE X AXIS.

ALL OTHER AXIS ARE THE SAME.

ON OTHER AXIS,

CHANGES REQUIRED WILL BE IN DISCRETIZATION

AND IN NODAL CONNNECTIVITIES }

THIS SEQUENCE WILL SOLVE

THE HEAT TRANSFER PROBLEM

INPUT 1S

A SET OF MEASURED TEMPERATURE VALUES AND

ASSOCIATED NODAL NUMBERS

A SCALING PACTOR 1S USED THROUGHOUT THE WHOLE

SEQUENCE OF THIS PROGRAM, THE SCALE 1S 0.1

THE SEQUENCE OF PROGRAMS THAT NEED TO BE EXECUTED

TO OBTAIN THE THERMAL PROFILE OF ANY AXIS ARE AS FOLLOWS
{{DISCLAIMER:: ALL PROGRAMS WORK AS THEY HAVE BEEN SET UP,

CHANGE OF CONSTANTS AND VARIABLES MAY CAUSE THEM TO BECOME

UNRELIABLE}}
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:THlS PROGRAM EXECUTES ON A VAX PDP-!I/bO:
To execute this program

( NO INPUT REQUIRED)

To execute type in £77. "program name

"s.out > filename™, will produce the

output files of the structure
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* After "a.out"” has been generated then
L ]
L ]
L]
*
L]
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TO CHANGE THE NUMBER OF NODES
CHANGE THE VARIABLES, nptx,npty,nptz
EACH OF THE VARIABLES,nptx,npty,nptz
REFER TO THE NUMBER OF NODES IN EACH
DIRECTION.
WHEN nptx,npty,nptz ARE CHANGED,
CHANGE THE VALUE IN LINE # 148
real x,y,2,xpll,xpl2,xdrl,xdr2,xdr3,const,
1 ydrl,ydr2,2drl,zdr2,elxl,elyl,elzl,gdcs,xval(20)
f{ateger nptx,npty,nptz,axrl,axr2,nxr3,nyrl,ayr2,nzrl,nzr2,nzrl,
! t,elnum,ndnum,cordl,cord2,cordl,
1 cord4
common /base2/ x,y,z,xpll,xpl2,xdrl,xdr2,
! =xdr3,ydr!,ydr2,2drl,2dr2,2zdc3,nptx,npty,nptz,nxrl,axr2,nxr3,nyrl,
1 nyr2,nyr3,nzrl,nzr2,nzr3,elxl,elyl,elzl
coamon /basel/ cord)(300),cord2(300),cord3(300),cord4(300),
1 gdes(300,7)
common /base4/elaua,ndaunm
const = 0.1
[ x,Yy,2 ate the distances in directiocns x,y,z
x = 172,0%const
y = 60.0%const
z = 50,0%const
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c
c
c

c ¢ of points in x,y,z
apetx - }2
npty - 4
npte - 4
c loaction of internal plates on x axis

xval(l) = O.%*const
xval(2) = lb.*const
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~ xval(3) = 26.%*const

N xval(4) = 38.%const
xval(5) = 53.%coast
xval(6) = 68.%const
xval(7) = 86.%const
xval(8) = 104.*%conat
xval(9) = 119.%*const

- xval(l10) = l,.,.%const

.. xval(ll) = 146.%constc

xval(12) = }58.%const

xval(13) = 172.%const
3 determines number of divisions on axis
does not work in x axis as division has

.
n

been set up above
nyrl = int((30.0%const/y)*npty)
nyr2 = npty = nyrl
nzrl = inc((2~25.0%const)/z * aptz)
nzr2 = aptz ~ nzrl
ydrl = (30.0%const)/ayrl
ydr2 = (y=30.0%const)/nyr2
zdrl = 25.,0%const/nzrl
O zdr2 = (z=-25.0%*const)/nzr2
. axrl = 13
-~ vrite(6,") nxrl

do 102 4 = 1,13

write(6,%) xval(l)
102 continue
4 input to the nodal connectivities program
write(6,*) x,y,2
write(6,*)ydrl,ydr2
write(6,*)zdrl,2dr2
write(6,*)nptx,npty,nptz
write(6,*)axrl,nxr2,axr3
wrice(6,*)oyrl,nyr2
write(6,*)nzrl,nzr2
print*, “307°
N NUMBER OF NODES
- elnum 1
K ndoum 1
- elx] 0.
= elyl 0.
- elzl = 0,
* ndnua = |
¢ the discretization is done on a plane by plane
[ basts.
a call planexy(l,xval) ot S
. do 105 1 « 1,13
1f(1.eq.5.0r.1.€q.7) go to 105 .
elx] = xval(i) K
elyl = 0.0 §
elz]l = zdrl 5
call planeyz(xval)
continue
elxl = xval(2)
elyl = 0,0
elzl = zdrl
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call planexz(xval)
elxl = xval(2)
elyl =y

elz]l = zdrl

call planexz(xval)
elxl = 0.0

elyl = 0.0

elzl = 2

call planexy(2,xval)
elxl = xdrl

ely]l =30.0%const
elzl = 25,0%const

L0 LS S

.
«

.. write(6,*)ndnua~!
* stop
~ end
- c
A. c
- c
L subroutine planexy(ind,xval)
i real x,y,z,xpll,xpl2,xdrl,xdr2,xdrl,
. 1 ydrl,ydr2,zdrl,zdr2,elxl,elyl,elzl,gdecs,xval(20)
integer optx,npty,nptz,nxrl,nxr2,nxr3,nyrl,ayr2,nzrl,nzr2,nzr3,
1 1,j,elnum,ndnum,cordl,cord2,cord3,
1 cordé
. common /bage2/ x,y,z,xpll,xpl2,xdrl,xdr2,
" ] xdr3,ydrl,ydr2,2zdri,zdr2,zdr3,nptx,npty,aptz, nxrl,nxr2,nxr3,nyr!l,

nyr2,nyrd,nzrl,nzr2,nzr3,elxl,elyl , ,elzl
common /base!/ cordl(300),c0rd2(300),c0ord3(300),cord4(300),
1 gdcs(300,7)
common /base4/elnum,ndnum
integer ind,indl,ind2,1ist
[ The first plane xy; Z = 0
{indl = npty+l
ind2 = nptx+l
. ist = |}
| ) do 40 j = {st, indl
do 50 1 = ist, ind2
gdes(ndnum,1) = xval(l)
gdcs(ndoun,2) = elyl
gdes(ndnum,3) = elz!
1f(ind.eq.1) then
gdcs(ndnum, 4) = 1
else
gdcs(ndaum, 4) =~ 2
endif
write(6,%)gdcs(ndnum,1),gdcs(ndnum,2),gdecs(ndnum,3),
1 tnt(gdcs(adnum,4))
ndnum = ndoum + 1}
50 continue
1f(j.le.nyrl) elyl = elyl + ydrl
1f(j.gtenyri) elyl = elyl + ydr2
1f(elyl.gt.y+1) elyl = 0,0
) 40 continue
return
end
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. c The second plane yz; X= 0
subroutine planeyz(xval)
resl x,y,z2,xpll,xpl2,xdrl,xdr2,xdrl,

1 ydrl,ydr2,s2drl,zdr2,elxl,elyl,els!, gdcs,xval(20)
integer nptx,npty,nptz,nxrl),axr2,nxrd,nyrl,nyr2,nzrl,nzr2,nzrl,
: 1 1,3,elaum,ndnus,cordl ,cord2,cordl,
. 1 cordé
common /base2/ x,y,s,xpll,xpl2,xdrl,xdr2,

1 =xdrd,ydrl,ydr2,2drl,2dr2,2dr3,nptx,npty,nptz,nxrl,nxr2,nxr3,nyrl,

1 nyr2,nyr3,nzrl,nsr2,nsrd,elxl,elyl,els)
common /basel/ cordl(300),c0rd2(300),c0rd3(300),co0rd4(300),
1 gdes(300,7)
common /baseé/elnum,ndnun
do 60 § = 1, nptz-]
do 70 1 = 1, npty+l]
gdcs(ndnum, 1) = elxi
gdcs(ndnum,2) = elyl
gdcs(ndnum,3) = elzl
gdcs(ndnun,4) = 2
if(abs(elyl-y).1t.0,l.0r,abs(elzl=-z).1¢t.0.!
1 .or.sbs(elyl).lt.0.l.0r.abs(elzl).lt.0.1) then
gdes(ndnum,5) = 1
else
gdce(ndoum,5) = 0
endif
gdcs(ndnun,6) = ]
gdcs(ndaum,?) = 1
1f(1.le.nyrl) elyi = elyl + ydril
1f(1.gtenyrl) elyl = elyl + ydr2

S A d A ST Y AL R

- vrite(6,*)gdcs(ndnun,l),gdcs(ndaun,2),gdcs(adnum,3),int(gdcs(adnum,4))
3 ndnua = ndnua + |

. 70 continue

X elyl =0.0

1f(j.le.nzrl) elzl = elzl ¢+ zdr!

1f(j.gtenzrl) elzl = elzl + 2dr2

{f(elzl.get.2+]1) elz]l = 0,0

if(i.geenptz.and.j.ge.npty) return
60 continue

return
end

¢ This is the third plane xz;Y = b plane
. subroutine planexz(xvsl)
real x,y,z,xpll,xpl2,xdrl,xdr2,xdr3,

do 80 j§ e« 1, nptz-l
do 90 & = 1,2
1f({.eq.1) then

: 1 ydrl,ydr2,zdrl,2zdr2,elxl,elyl,elzl,gdcs,xval(20)

! integer nptx,npty,npte,nxrl,nxr2,nxr3,nayrl,nyr2,nzrl,nze2,nerl,
. 1 {,j,eloua,ndnum,cordl,cord2,cordl,

. 1 cordé

: common /base2/ x,y,z,xpll,xpl2,xdrl,xdr2,

- 1 =xdrd,ydrl,ydr2,2drl,2dr2,2dr3,nptx,npty,nptz,nxrl,nxr2,nxr3d,nyrl,
- 1 oayr2,nyrd,nzrl,nzc2,nzr3,elxl,elyl,elz!l

. common /basel/ cordl(300),cord2(300),cord3(300),cord4(300),

% 1 gdece(300,7)

) common /baseé/elnum,ndnua
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elx]l = xval(5)

else

elx] = xval(7)

endif

gdcs(ndnum,]) = elxl
gdes(ndnum,2) = elyl

gdes(ndnua, 3) elzl
gdcs(ndaun, 4) 2
gdes(ndnua,5) = |
gdcs(ndaun,?) = 1
1f(abs(elxl~x)slt.0.1.0r.abs(elzl-z).1t.0.1.0r
1 .sbs(elxl).l1t.0,l.0r.abs(elzl).lt.0.1) then
gdes(ndnunm,6) = |
elge
gdcs(adnum,6) = O
endif
write(6,*)gdcs(ndnum,l),gdes(ndoum,2),gdcs(ndoun,3),1nt(gdcs(ndaum,4))
ndnum = adnum + |
elxl = xval(l)
{f(elxl.gtex+l) elxl = 0.0
90 coantinue
elxl =xdrl
1f(j.le.nzrl) elz]l = elz) + zdr!
1f(j.gtenzrl) elzl = elzl + 2dr2
1f(elzl.gtez+l) elzl = 0,0
1f(4.gt.nxrl+oxr2+axr3.and.j.gt.nzrl+nzr2) recurn
- 80 contiaue
return
end
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AARR R AR NI R A RAANRA RN ANOR AN NN AANN RN
* TO BUILD NODAL CONNECTIVITIES +*

® USE THIS PROGRAM *
* INPUT IS OUTPUT OF LAST *
* PROGRAM *

ARRBRARERRRARANARARASNRARAAAEAAANS

real x,y,2,xpl!l,xpl2,xdrl,xdr2,xdrl3,
ydrl,ydr2,2drl,2dr2, elxl,elyl elzl,gdcs, xvn1(20)
integer nptx,apty,npte,axrl,nxr2,axr3,ayrl,nyr2,nzrl,nzr2,nzr3,
i.elnu-.ndnul,cordl.cordz.cord3.

cordé,be

common /base2/ x,y,z,xpll,xpl2,xdrl,xdr2,
xdr3,ydrl,ydr2,2zdrl,zdr2,2dr3,nptx,npty,nptz,nxrl,nxr2,nxrld,nyrl,
ayr2,nyrd,nzrl,nzr2,nsr3,elxl,elyl,elzl
common /basel/ cordl(1000),cord2(1000),co0rd3d(1000),c0rdé(1000),
gdcs(1000,3),bc(1000,2)
common /baseé/elnun,ndaum

read(5,%*) ndnus

do 19 § = ] ,ndnua

read(5,*) xval(i)

continue

read (5,%*) x,y,2

read(5,*) ydrl,ydr2

resd(5,*) zdrl,zdr2

resd(5,*) aptx,npty,nptz

read(5,*) nxrl,nxr2,nxr3

read(5,*) ayrl,nyr2

read(5,%) nz2rl,nzr2

read(5,*%*) adnum

do 10 1 = ],ndnuns

read(5,*%) gdcs(1,1),gdcs(41,2),gdes(i,3),bc(1,1)
continue

elnum= |

call elbld(xval)

vrite(6,*) ndnum

do 30 £ = ],ndaum

print *,1,gdcs(1,1),8dce(1,2),8des(1,3),bec(1,1)
contianue

write(6,%) elnum-1

do 20 §{ = ],elnus-~1!

wrice(6,*)1, cord!(i),cord2(i),cord3(1),cordd(1)
continue

stop

end

subroutine elbld(xval)

real x,y,z,xpll,xpl2,xdrl,xdr2,xdr3,
ydrl,ydr2,24rl,2dr2,elxl,elyl,elzl, gdcs,xval(20)
integer anptx,npty,nptz,nxrl,nxr2,nxr3,nyrl,nyr2,nzrl,n2zr2,nzr3,
{,elnuas,ndnum,cordl,cord2,cord3,
cordé4,be
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common /base2/ x,y,z,xpll,xpl2,xdrl,xdr2,
1 xdr3,ydrl,ydr2,2drl,2dr2,zdrd,nptx,npty,nptz,nxrl,nxr2,nxr3,nyrl,
] nyr2,nyr3,nzrl,nzr2,nzrd,elx],elyl elz!
common /basel/ cordl(1000),¢c0rd2(1000),cord3(1000),c0rdé(1000),
1 gdes(1000,3),bc(1000,2)
common /baseé/elnua,ndnum
¢ This does the element finding routine,associates
¢ elements with nodes.
elxl = 0.0
elyl = 0,0
elzl = 0,0
call elxyp(xval)
do 105 & = 1,13
if(i.eq.5.0r.1.,2q.7) go to 105
elx] = xval(i)
elyl = 0.0
elzl = 0,0
call elyzp(xvla)
105 continue
elxl = 0.0
elyl = 0.0
elzl = 0.0
call elxzp(xval)
elxl = 0,0
elyl = y
elz] = 0.0
call elxzp(xval)
elxl = 0.0
elyl! = 0.0
elzl = 2z
call elxyp(xval)
return
end
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subroutine elxyp(xval)
real x,y,z,xpll,xpl2,xdrl,xdr2,xdr3,
1 ydrl,ydr2,zdrl,zdr2,elxl,elyl,elzl, gdcs,xval(20) .
integer nptx,npty,nptz,nxel,nxr2,nxr3,nyrl,ayr2,nzrl,nzr2,nzrl,
1 {,j,elnum,ndnum,cordl ,cord2,cord3,
1 cordé,be
common /base2/ x,y,z,xpll,xpll,xdrl,xdr2,
1 xdrd,vdrl,ydr2,zdrl,2dr2,2dr3,nptx,npty,npte,nxrl,nxr2,nxr3,nyrl,
ayr2,nyr3,nzcrl,nzr2,nzr3,elxl,elyl,elz|
common /basel/ cordl(1000),c0rd2(1000),cord3(1000),cord4(1000),
gdcs(1000,3),bc(1000,2)
common /based4/elnum,ndnum
resl elx2,ely2,elz2,elx3,ely3d,elzl,elxé,elybd,elzé
integer {4
do 20 jJ = | , npty
1f(jele.nyrl) elyld = elyl + ydrl
{1f(j.gt.nyrl) elyd = elyl + ydr2
do 10 1 = 1 |, nptx
c 1f(t.le.nxrl) elx2 = elxl + xdrl
c {f(1.g8t.nxrl.and.l.le.nxe2+nxrl) elx2 = elxl + xdr2
c {f(i.gt.nxr2+nxrl) elx2 = elxl + xdr3

e v T v T
AERENEN
[2]

il A
- -

S

I

i)

{

(Al RMENEMESDERNENIN | LA AR




336

elx2 = xval(i+l)
elx3d = elx2
elxé = elxl
elz2 = elzl
elzl = elzl
elzgd = elz!
ely2 = elyl

elyé = ely3

do 0]l i4 = ],ndnum
1f(abs(gdcs(14,1)~elxl).1t.0.1) then
if(abs(gdes(11,2)~elyl)«lt.0.1) then
{f(abs(gdes(i1,3)~elzl)+1t.0.1) then
cordl(elnum) = {i

A .
AP VORI
i AR

endif

endif

endif a
1f(abs(gdes(11,])-elx2).1t.0.1) then N

1f(abs(gdes(11,2)~ely2).1t.0.1) then

1£(abs(gdcs(11,3)-el22),1t,0,1) then t-}__
cord2(elnum) = ii s
endif o
endif [
endif

1f(abs(gdcs(11,))-elx3).1t.0.1) then
{if(abs(gdcs(11,2)-ely3).1t.0.1) then
1f(abs(gdcs(11,3)~el123).2t,0.1) then
cord3(elnum) = 11

endif

endif

endif
1f(abs(gdcs(ii,1)-elxé).1t.0.1) then
1f(abs(gdcs(ii,2)-elyé).1t.0.1) then
if(abs(gdcs(il,3)-elzé4).1t.0.1) then
cordé(elnua) = 14

endif

endif

endif

101 continue

eloua = eloum +

elx] = elx2

10 continue

ely] = e¢ly3

elx! = 0.0

20 continue

return

end

ala

ety

subroutine elxzp(xval)
real x,y,z,xpll,xpl2,xdr!,xdr2,xdrl,
1 ydrl,vdr2,zdr!,zdr2,elxi,elyl,elzl, gdcs,xval(20)

integer nptx,npty,nptz,nxrl,nxr2,nxr3,nyrl,nyr2,nzrl,nzr2,nzrcl, ::\e:ftf:
1 1,j,elnim,ndnum,cord!l,cord2,cordl, :g\:\:ﬂ:\_
1 cords,bc SO
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common /base2/ x,y,z,xpll,xpl2,xdrl,xdr2,
- I xdr3,ydrl,ydr2,2drl,zdr2,2zdrd,nptx,npty,nptz,nxrl,nxr2,nxe3,nyrl,
1 nyr2,nyr3,nzril,nzr2,nzr3,elxl,elyl,elz]

common /bssel/ cordl(1000),cord2(1000),cord3(1000),cordé(1000),
. | gdes(1000,3),bc(1000,2)

common /baseé/elnum,ndnun
resl elx2,ely2,elz2,elx3,ely3,elz3,elxé,elyt,elzé
- integer {4
do 20 j = !, ,nptz
1f(j.le.nzrl) elz3 = elzl + zdrl
1f(j.gtenzrl) elz3 = elzl + z2dr2
. do 10 1 = 1,nptx
c tf(i.le.nxrl) elx2 = elxl + xdrl

P [ 1f(i.gtenxrl.and.1.le.nxr2+nxrl) elx2 = elx] + xdr2
¢ 1f(i.gt.nxr2+nxrl) elx2 = elxl + xdr3
. elx2 = xval(i+])
- elx3 elx2
- elxé4 elxl
S ely2 = elyl
" ely3 elyl
) elyd elyl
i elz2 elzl

— elz4 » elz)
do 101 14 = ]l,ndnun
1f(abs(gdes(ii,1)~elxl).,1t.0.1) then
if(abs(gdcs(ii,2)-elyl).1t.0.1) then
" 1f(abs(gdca(1i,3)~elzl).1t.0.1) chen
S cordl(elnum) = fi

i endif
l endif
endif

1f(abs(gdcs(t1i,1)=elx2).1¢t.0.1) then
if(abs(gdea(44,2)~ely2),.,1t,0.1) then
if(abs(gdce(i1i,3)~el22),1t,0.1) then
cord2(elnum) = {4
endif
endif
endif
1f(abs(gdce(11,1)~el1x3).1t,0.1) then
1f(abs(gdcs(14,2)~ely3).1t,0.1) then
1f(abs(gdes(11,3)-el123).1t,0,1) then
cord3(elnum) = {4
endif
endif
endif
1f(abs(gdecs(ii,]l)~elx4).1t.0.1) then
1f(abs(gdcs(11,2)-elys),1t,0.1) then
i{f(abe(gdecs(i14i,3)-elzé4),1t.0.1) then
cord4(elnum) = i1
endif
endif
endif

101 continue

AW T o

elnun = elnum + !
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ﬂ elxl = elx2
10 continue
elzl = elzl
.. elx]l = 0,0
;T 20 continue
~ return
. - ‘end
N c
R c

subroutine elyzp(xval)
real x,y,z,xpll,xpl2,xdrl, xdr2,xdr3,
A 1 ydrl,ydr2,zdrl,zdr2,elx),elyl,elzl, gdcs,xval(20)
integer aptx,npty,aptz,nxrl,axr2,axr3,nyrl,nyr2,nzrl,nzr2,nzrl,
1 1,j,elnum,ndnum,cordl,cord2,cordl,
1 cordé,be
common /base2/ x,y,z,xpll,xpl2,xdrl,xdr2,
. 1 =xdr3,ydrl,ydr2,edrl,2zdr2,2zdr3,aptx,npty,nptz,nxrl,nxr2,nxr3,nyrl,
- I nyr2,nyr3,azrl,nzr2,nzr3,elxl,elyl,elzl
conmon /basel/ cordl(1000),cord2(1000),cord3(1000),cord4(1000),
1 gdes(1000,3),bc(1000,2)

3 common /baseé/elnum,ndnun
M resl elx2,ely2,elz2,elx3,ely3,elzld,elxé,elyéd,elzé
> integer 11
. do 10 § = l,nptz
2 1£f(j.le.n2rl) elz3 = glzl + zdrl
AR 1f(j.ge.nzrl) elz3 = elezl + zdr2
i do 20 £ = !,npty
s 1f(1.le.ayr]) ely2 » elyl+ydrl
. 1f(i.gt.nyrl) ely2 = elyl+ydr2 .
x5 elyl = ely2 3 T
. elys = elyl DY o
- elx2 = elxl R ..
- elxl = elx] SO
> elxé = elxl N S e
- elz2 = elzl e U e
elzé = elzl ! ’
. do 10! {4 = },ndoum P
. 1f(abs(gdca(ii,]l)~elxl).1t.0.1) then i LR
- 1f(abs(gdes(11,2)~elyl).1t.0.1) then ) t
- 1f(abs(gdecs(11,3)=el22).1t.0.1) then [y
g cordl(elnum) = it oy
K eadif e
- endif s
. endif
if(abs(gdcs(1i,])-e1x2).1t.0.!) then
- 1f(abs(gdes(11,2)-ely2).1t.0.1) then
1f(abs(gdecs(11,3)~el22).1t.0.1) then
cordé(elnum) = ii
b endif
. endif
endif

1f(abe(gdes(11,1)-e1x3).1t.0.1) then
1f(abs(gdce(11,2)-ely3).2t.0.1) then
T 1f(abs(gdcs(11,3)-elz3).1t.0.1) then
cordl(elnun) w {i

.
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endif
endif
endif
{f(abs(gdcs(ii,l)~elxé4).1t.0.]1) then
1f(abs(gdcas(ii,2)~elyé4).1t.0,1) then
1f(abs(gdcs(i1,3)~el24),1t.0.1) then
cord2(elnum) = 1
endif
endif
endif

101 continue
elnum = elnum + |
elyl = ely2

20 continue
elz]l = elz3
elyl = 0,0

10 continue
return

end

cc
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RANARRRARRANRRANAARARANR RN AN

*FINAL PROGRAM POR THERMAL*
*PROFILE *
ARANNRRARNRARA AR R AR AN EARER

THE SOLUTION 1S OBTAINED BY SOLVING THE PROBLEM

AS A STEADY STATE ONE,

THE IDEA IS TO SOLVE THE STEADY STATE HEAT CONDUCTION

PROBLEM, USING MEASURED TEMPERATURES AS BOUNDARY

CONDITIONS.

THE PROBLEM IS SOLVED AS A SET OF 2 D PlATES,

RARSRARRAARARR A NN A AR RN AR RANAR AN AN S AR AN I NANRAAR DS
THIS IS A SIMPLE FORMULATION OF FEM FOR
SOLUTION OF HEAT TRANSFER PROBLEMS
IT HAS NO DERIVATIVE CONDITIONS
stiffness matrix K for the given
structure ~-~--- mat(540,540)

The structure in question is the X axis of the
T10 which is being studied.

The input to the progras is the following
Nodal cordinates x,y,z~-~- gdcs(1000,3),
boundary coad---- bc(1000,2)

base is sssunced to be insulated

Nodal connectivities cordl,cord2,cordld,cordé
Input thermal coand--thcond

Input conv coeff =-=- conve
CCCNRRARAAARRARANRAARRNRAA RN R NN NAR

NODAL CONNECTIVITIES ARE AS SHOWN

4] -------------‘ 3

o

resl @at(500,500),gdcs(500,3),a,b,c,fmat(12,12) ,k2mac(4,4),

1 becteap(30)

integer 1,3,k,cordl(500),cord2(500),cord3(500),cord4(500),

1 ©ec(500,2),becnode(30),an(10),elnus,ndnum,nzop
real coeff ,vec(500),racmp
coeff = 0,01

hest transfer coeff, coeff = 0,01 cal/cm*ca min degree C
do 30 { « 1,500
do 40 § = 1,500
mat(i,3) = 0.0
vec(1) = 0,0
40 continue
3o continue
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“l
2 do 200 { = 1,4 "i:.b:‘i}.az.
: o - ’ r. e
f:' do 200 § = 1,4 ftf:}\,r:?;-:
- k2mat(1,3) = 1.0 : lf)-'._J“.'-.‘.’:.-*.
- 200 continue ’3’\{2’&.‘
n ¢ k2mat 1s the matrix for integral x,y h*t(room)*ni*dx*dy ?:faxa_é:*rgs
k2mat(l,1) = 1/9,0%coeff
k2mat(1,2) = 1/(18.0)%coeff ?(""'
k2mat(1,3) « }1/36.%coeff e -.‘_ﬂ-\,
k2mat(l,4) = 1/18.%coeff O phivd
- k2mat(2,1) = 1/18.0%coeff sl
- k2mat(2,2) = 1/9.0%coeff ";-“'f.-".'-'
-~ k2mat(2,3) = 1/18.0%coeff o };:4-‘_}
~ k2oat(2,4) = 1/36.0%coeff P '(-fsfH
- k2mat(3,1) = 1/36.0%coeff RGN ST,
k2mat(3,2) = 1/18.0%coeff ®
k2mat(3,3) = 1/9.0%coeff : TERTIT
- k2mat(3,4) = 1/18.0%coetsf LN
. k2mat(4,1) = 1/18,0%coeff oA,
k2oat(4,2) = 1/36.0*coeff '.'-‘i.'-‘.'j:‘.'- n
. k2mat(4,3) = 1/18.0%coeff e Ry
- k2mat(4,4) = 1/9.0%coeff ‘b*) A
- read (5,*) ndnum o
“ do 10 4 = l,ndaum i
v, read(5,*)j,gdcs(i,1),8dcs(s,2),8dcs{1,3),be(i,l)
- 10 contioue
- read(5,*) elaunm
. do 20 1 = ]l,elnum
- c Data reading 1is the same.
:. ¢ No modification.
o read(5,*) j,cordl(i),cord2(1),cord3({),corddf1)

20 continue
b = 0.0
- c read in room temp values

{
t |
4

! L}
! 8
.

.

-

LK

- c ntap is nuaber of room temp values f\: .
: ¢ the average is used e R
) read(5,*) ntap AR
2 do 500 { = |,ntmp f\;\;\;\l‘
. read(5,*%) a r\J\:n:\;\
~ b = b+a '~\._\".-.“.._'\

500 continue -
. rmtap = b/atwp
", ¢ ntmp is nuaber of machine temp values
. ¢ becnode(i),bectemp(i), refer to the node of the
- ¢ structure and the temperature associated vith that node

¢ Temps on the machine are set up as b.c’s.

read(5,*) ntmp

do 501 4 = l,ntamp

read(5,*) benode(i),bctemp(1)
501 continue
[~ do 50 { = l,elnum

PR

a0
[«NeX)
o« v 0
[~N=Ne)
-

a
b
¢
an(l) = cordl({)

" nn{2) ® cord2(1t)
.. nn(3) = cord3d(1)

e -

¥ o

(SO

.
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nn(4) = cordé(i)
a =abs( gdce(nn(3),1)-gdcs(an(l),1))
b =abs( gdcs(an(3),2)=-gdcs(an(l),2))
¢ =abs( gdcs(aan(3),3)=-gdes(nn(1),3))
do 80 j = 1,4
do 90 k = 1,4
¢ Initialize local stiffness matrix
fmat(j, k) = 0.0
90 continue
80 continue
¢ Call for local stiffness matrix
call funm(a,b,c,fmat)
do 201 j = 1,4
do 201 k = 1,4
¢ boundary condition ,intro
here only the convection boundary condition is introduced,
h = 2%h on all plates
on the base where it is h
No change in temperature through the vall thickness
1£f(bc(1,1).eq.l) then
k2mat(j,k) = k2mat(j,k)*a*b
endif
1f(bc(1,1).2q.2) then
k2mat(),k) =2.0%2k2mat(},k)*anp
endif
201 contiaue
¢ set up the the of the matrix equation
do 502 § = 1,4
1f(bc(nn(j),1).eq.l) then
vec(na(}j)) =vec(nn(j))+rotmptcoeff*a*b/4.0
endif
1f(dbc(na(}),1).eq.2) then
vec(nn(j)) =vec(nn(j))+2*rotmp*coeff*a*b/4.0
endif
502 continue
do 60 § = 1,4 AL
do 70 k = 1,4 A
c build up the global stiffness matrix -
mat(nn(j),nn(k)) - nnt(nn(j),nn(k))+fuat(j.k)¢k2-atQj,k)
70 continue
60 coatinue
do 202 § =
do 203 k =
k2mat(1,1)
k2mat(1,2)
k2mat(1,3)

ononNnOnNn

I
]

2
Ay
’;/.’
LR O

t

1,4

1,4

= 1/9.0%coeaff

= 1/(18.0)*%coeff

= 1/36.%coeft
k2mat(l,4) = 1/18.%coeff
k2mat(2,1) = 1/18.0%coeff
k2mat(2,2) = 1/9.0%coeff
k2mat(2,3) = 1/18.0%coeff
k2mat(2,4) = 1/36.0%coaff
k2aat(3,1) = 1/36.0%coeff
k2mat(3,2) = 1/18.0%coaft
k2mat(3,3) = }1/9.0%coeff
k2mat(3,4) = 1/18,.0%coeff
k2mat(4,1) = 1/18.0%coeff
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k2mat(4,2) = }/36,0%coeff

k2mat(4,3) = 1/18,0%coeff

k2mat(4,4) = 1/9,.0%coeff
c reset k2mst to original value.

203 continue
202 continue
50 continue

¢ Set in the boundary condicions
¢ of mseasured room teap, and reset the rhs vector.
do 705 { e ] ntuwp
do 710 jJ = l,ndnun
vee(]d) = vec(j) -mat(j,bcnode(i))*bctenp(i)
710 continue
vec{bcnode(i)) = bctemp(i)
do 707 § = l,adnum
mnat{j,bcnode(1)) = 0.0
707 continue
do 708 j = }l,ndnum
mat(bcnode(1),j) = 0.0
708 continue
mst(bcnode(1),bcnode(i)) = 1,0
705 continue
¢ solve [A]l{x}={b}
call solve(mat,vec,ndnum)
stop
end

-

0
‘. !l

b

nnNnoononNnnD

subroutine funm(a,b,c,
) real a,b,c,fmat(12,12)
. real theo,thic
integer i,
theo = 8,912%(1/0.2)*(1/,1)
thic = (3./4.)*(5./2.)
thco, thermal conductivity 8.912 cal/cn min degree C
thco, has been reset to account for scale.
TWO TYPES OF PLATES
OUTER WALLS AND INNNER RIBS
- do 10 § = [,10

do 20 3§ = 1,10

foat(i,j) = 0.0
20 continue
10 continue

1f(a.1t.0.5) then

a = Db

b = ¢

endif

1f(b.12,0.5) then

b = ¢

endif

fmat(i,1) = (b%b+ats)/(3%a*d)

frnat(2,1) = (a*a-2*b*b)/(6%a*d)

faat)

nooo
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fmat(3,1) = - (b*b+a*a)/(6*s*b)
fmat(4,1) = (b*b~2%ava)/(6%*a*b)
foat(l,2) = fmat(2,1)

fuwat(2,2) = fmac(l,!)

fomat(3,2) = (b*b-2%a%gs)/(6%a*b)
fmat(4,2) = - (b*brava)/(6%a*b) -
fwat(l,3) = fmat(3,1)

fwat(2,3) = fmac(3,2)

fwat(3,3) = fmat(l,l)

fwat(4,3) = (a%a~2*H*b)/(6*a*b)
fuat(l,4) = fmac(é,l)

faat(2,4) = fmat(4,2)

fmat(3,4) = fmat(4,3)

fmat(4,4) = fmat(l,1)

do 100 &t = 1,4

do 100 J = 1,4

fmat(1,J) = fmat(i,j)*thic*thco

00 continue
retura

end

The subroutine does wmatrix equation solution
Matrix eq 1s of the foram [A}{x)}=(b}.
determine x,given A,d
Crouts aslgo is used.
l-u decos is done then the solution is performad
subroutine solve(s,b,n)
resl a(500,500),b(500),1a4(500,500),0a(500,500),c1,d(500)
real chk(500),chkl1(500)
integer n,m,i,j,k
do 109 4 = ]1,n
chkl (1) = b(1)
09 continue
va(l,l) = &(1,1)
la(l,1) = 1,0
do 10 ] = 2,n
1a(j,1) = a(3,1)/ua(l,l)
va(l,3) = a(l,])
1£(J.gte2) then
do 20 1 = 2,§-1]
cl = 0,0
do 30 m = 1,1~-1
cl = e] + la(j,m)*ua(a,1)
0 continue
la(§,4) = (a(j,1)-cl)/ua(i, i)
cl = 0,0
do 40 ma = ],1-1
el = ¢l + la(i,m)*ua(m,3)
0 continue
ua(i,3j) = a(1,3)=-cl
0 continue
endif
la(j,j) = 1
el = 0,0
do 50 m = ],}-1
el = cl + la(j,m)%va(m,]i)
continue
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ua(j,3) = s(3,3)=cl
10 continue
do 999 1 = 1,30
do 999 j = 1,30
1f(la({,j).ne.0) then
endif
999 continue
do 998 1 = 1,30
do 998 j = 1,30
{f(ua(i,j).ne.0) then

v endif
i‘ 998 coantinue
- cl = 0.0
: k =1
. da(l) = b(1)
= do 100 1 = 2,n
i cl = 0.0
- do 101 J = 1,k
o cl = ¢l + la(i,j)*d(})
. 101 continue
< d(1) = b(1)-ecl
; k =k + 1
NS 100 coantinuve
- do 102 {1 = I,n
. b(1) = 0,0
— 102 contiaue
~ cl = 0.0
A k - ]
- b{a) = d(n)/va(n,n)
- do 103 k = I,n-I
R i = n=-k
.? el « 0.0
> do 104 §J = {+1,n
I el = ¢l +uall,3)%b(4)
x 104 continue
- b(1) = (dli)-cl)/ua(1,1)
R 103 continue
o do 105 1 = |,n
o printe*,b(4)
W 105 continue
W print*, “error”
- do 200 1 = 1,n
! do 200 3 = 1,n
’ chk(1) =chk(1i)+ a(i,j)*b(]) 3
. 200 continue
. chk(1) e chkl!(1)-chk(1)
. prine *,chk(1i),1
., 201 continue
.. return
" end
)
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ccecececeeeeceecececeeeceececeecceecececceccecccecccecece
ceecceecceceeecececcceeeceeececcecececeeceeceecceeeccece
c THIS CONCLUDES THE THERMAL SOLUTION

¢ THE OUTPUT 1S A VECTOR OF TEMPERATURE POINTS

o

v s
«

‘- ¢ EACH OF WHICH CORRESPONDS TO SPECIFIC NODAL
¢ POINTS.
. ¢ FOR SAP V,
:‘,- ¢ THE QUTPUT IS FED INTO SAP_V WITH ANOTHER PROGRAM
= c WHICH REFORMATS THIS OUTPUT TO CONFORM TO SAP V FORMAT.
. ¢ CONSTANTS USED ARE
¢ THERMAL COND. = 8.,9) cals/cm unin degree C
¢ THERMAL EXP,. e 11,6 micro meter/meter/ degree C
c HEAT TRANSPER
¢ COEFF. = 0.01 cal/em *¢cm ain degree C
¢ SPECIFIC HEAT = 0,125 cals/gm degree C
¢ DENSITY e 7.859 9m/cmtcatcm
¢ MOD. OF ElAS. = 2.le6 Kgf/cm*enm
c POISSON"S RATIO = 0,3
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APPENDIX 5

TR FY N

Engineering...............ooiiiiiiiiiae Principal Investigator &
Project Director

R

Project Statf in 1983—1984 oy o

N uag k'.::i
v Faculty %' A !a:;'gi
L i

D M. M. Barash, Ransburg Professor of Py Peeryed
2 Manufacturing and Professor of Industrial EGUENE

C. R. Liu, Professor of Industrial

v

: Engineering.........c.ccoooiiiiiiiiiiiiie, Principal Investigator

K. S. Fu, Goss Distinguished Professor

g of Engineering (Elec.Eng.)...........cccc....... Faculty Associate

R

L J. Modrey, Professor of Mechanical

< ENgineering..........cccooieiiiiiiiiiinianens Co—Principal investigator

- A. L. Sweet, Professor of Industrial

" Engineering.........c.cooooiiiiiiiiiiiiiiaaens Co—Principal Investigator

l W. Stevenson, Professor of Mechanical ;3_‘\___‘
Engineering...........ccoeiiiiniiiiiinnniieneans Faculty Associate 2&{5
7 J. J. Talavage. Professor of Industrial eSReter
i ENgineering.........ccoeeeeeiiieeiiienneeiinnnnannnns Faculty Associate R AR
< R. Hannam*, Visiting Associate Professor L:;’.::;Z-- -
v of Industrial Engineering........................ Faculty Associate r.:;-‘.-:-\:;fif-'.
- R
- W. Johnson=*», Visiting Professor of Industrial ARy
. Engineering..........ccccccoeiiiiiiiiiiniinnnenen. Facuity Associate PURAATAS
A. Shumsherrudint, Visiting Associate Professor

2 of Industrial Engineering........................ Faculty Associate

!_.

( »University of Manchester Institute of Science and Technology, England

- =»»University of Cambridge. England

g tCranfield institute of Technology, England)
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